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PREFACE 



\Vc live on a liny plaiu'l rrvolviii^^ iiroiuul a star llial moves llirout^li one 
simill conitM- 1)1' llie iiMivcrs(\ Outward in all direclions Iroin our plaiiH 
lir hillions dI oIIkm- stars. Astronomers over the years have aeeumulated 
a vast amount of knowledge ahout these stars, and about ihe universe as 
a whole. Most of this knowledge, furthermore, has been f^ained without 
the astronomers being able to leave the surl'aee of our planet. It is only 
in recent years, as yuu know, that man has made his lirst attempts to 
explore space with manned and unmanned spaceeral't. You may wonder, 
then, how scientists have been able to learn so much about the stars 
while being foreeil to remain so isolated from them. 

In The Message of Starlight you will learn thai the one thing which tells 
us more about the stars than anything else is the light that stars give 
off. And you will learn aboul the most important tool astronomers use in 
their study of this starlight — the spectroscope. A spectroscope is an 
instrument thai spreatis a beam from a liglU-giving object into a band of 
colors called a spectrum. Hy studying a star's spectrum, astronomers 
have been able to gather an amazing amount of information. They have 
learned a great deal aboul many stars and particularly about the sun, 
the star that lies closest to us. You will find out what a spectrum lells us 
about a star's size, distance, temperature, density, chemical composition, 
and output of energy. You will also learn that scientists have been able 
to determine the speed with which stars rotate, to discover stars that 
shrink and expand, to study the rotation of pairs of stars, and to 
estimate the speed and direction in which stars as well as entire 
galaxies are moving. All this and much more have been determined by 
spectroscopic analysis of the light gathered by astronomers' telescopes. 
The spectroscope, you will see, is indispensable in interpreting the 
message of starlight. 

The Message of Starlight is one of six hooks in ThE UNIVERSITY OF 
Illinois Astronomy Program. The program was developed by a 
group of science educators and astronomers to teach students like you a 
broad segment of physical science from the point of view of the 
astronomer. As you learn general principles of science through the 
astronomer's eyes, you will share his knowledge of the universe that has 
come from the light of the stars. 
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CHAPTER 1 

Starlight 

I low iJi> w«* fin<l out wluil a slur is iiuicU' ol V 

II y*ni wuiil to liiiil out wliiil ii roi-k is riiacif of, yiui iiii^lit ilrip siwiif ai'icl 
on ii. II thf rot'k fizzfs, il iiuiy in- 1 iiiu-sloiu*. Oi* yoii nii^ht fxaniiiu* lln* 
roi'k line It" r ii in it? rose 'opr. IVIaii\ siilislaii<>f-s in a rock have* ilc>linilc 
c!rysUiI shapes tluit lu"Ip iiliMilify wlial tfit- nu^k is muclt* ot*. 

What about stars? We c-airi drip turid uii n star and waltdi for a fizz. We 
cunTt pill 41 piei^e of a stai* iindtM* a nnr-n»scope to lo(»k for i;ryslal slrin - 
lure. Nemly evei-ylhiiitr we enn liope lo know abonl stars and <»iIicm- 
lihjeets in Uie sky has lo be learned by studying the li^Jjhl they send us. 




On a clear ckirk night, away from tlie city lights, you can see almost 2500 
stars, flickering red, yellow, and bluish-white. With a telescope, you can 
see millions. Some are so faint that you can hardly tell they are there; 
others, such as Sirius (SEER-ee-ns) and Vega (VEE-guh)^ sliine briglitly. 

Suppose we lived on Venus instead of on the earth? The dense clouds 
forever blanketing that planet would block all starlight frcmi its surface 
and would prevent our seeing any light from the stars. Would we ever 
know that there are such things as stars? Starlight is our only contact 
with tlie stars. 



The Milky Way in the constellation Sagittarius 
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K\(M»|)| ior lh(* sun, iill ihr shirs an* so U\y iiway iVnin lis llinl n\\\)v\\v 
Wkv pinpoints ni' lif^hu oven in llio hn'f^'sl U'losoopo, hniif^ino thai yon 
in'o in a vorv dark room \\\\v\v soino kind oi' lifdil Ihis Immmi plaood 
holnnd a soroon. >'on soo da* lif;lil as a pinpoini roaolnofi; yiai d»riinf^,h a 
liny holt* in die si'ro(»n. Whal oan yon f^noss altonl dio li^lil sonroo l»y 
lonkiof^; at iho li^ht shiniof; dnon^h dto liolo? 

Whal if d\o li^hl is (hdh'(»dy Whal lhin^^s havo yoii s(»(»n lhal ^hi\v (hdl 
red? douL'^y rt nciin sifj(n iuhr? If iho li^hl is hinr, whal nii^hl lh(» sonroo 
ho? Ihn ninf^ roohiuij; f^HssY \ Jltuavscrnt lifj^lit Inhr? Is iho li^hl while? 
While li^hl eoidd he eoniin^ Iront a H^ht hullh (^onld il eviMi he li^hl 
IVoni a slar, direeled ihron^h ihe hole hy mirrors? Kroni ihe pinpoini ol 
lif^hu eo»dd yon miess anylhin^ ahoni ihe so\n'(M''s lemperal\n'e? Or how 
nnjeh it \veif;hs? 

Aslronoiiiers loof; have pondered over ihe same kind of pnzzle. 1'hey 
have played some poor Inniehes and some f^ood ones, jiisl as via) did 
wilh yonr dark room and serren. Uelore aslronoiners eoidd h(»»;in lo 
nuik(» s(Mise of lh(» slars, ihey somehow had lo decipher ihe messaf;e of 
slarli[;hl. And hefore ihey eoidd he»;in lo work onl ihe snperp\i/./.le of 
starli<;hU ihey fotmd liuil ihey had lo know more ahonI li>;hl ils(*lf. Whal 
causes lif;hl? Whal are llie ihin^^s li»;hl can do? 
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CHAPTER 2 

Behavioivs of L\^U\ 



i\\m{\ il vory iniu*h. Li}j;hi Iuih Immmi mo u purl of your lilr IVom 
ihiy you w<'n^ horn that il in niUDnil for yoii lo \i\kv il lor Hi'^nhMl, lliii 
wluil is lif^lil? Whal in il ihal huivcs a .slar, <'ro.ssrh (h(> va^U (linlaniM^ 
Ihi'ouf/Ji s|)aiM», and fV(MUiially r^wH'la's <N)rll) and your ryon'/ 

Ovpr lh(^ (WMiUn'iivs many scioulisis havr wouih'hMl whal lif^hl <m)uI(| Ih\ 
Al one liinr [X'oplc thought of lif^hl an soiuoihinf? lhat shoi oui of 
ryt's and hounded hack lo Ihc cyos IVoia <'vory ohjcci j| siruck. ilnw you 
think ol any ohj(*('lions to this th<M)ryy 

Kvcn thouf^h you have horn sc(?in{^ it all your lilVs lif^ht prohahly still 
sroins stranf^(M- than tht* ohjccts around you that you can lou(dK You 
fail ol)stM Vt» many thiuf^s ahout an ohj(»(!t su(!h as a hrick or ii hird — how 
nuu'h it wt^i^hs, whal (U)|or and size it is, whal it is like on the insidr. 
Hut lu>w many dilTorcut thin«^s can yiai say ahout lif^lil? 

In order to h?arn ahout li^ht, you uuist (^xpcriniciU with it to set? what it 
can do. If you know all the ways li«^ht behaves, you would kiU)w all thrre 
is to know about li^hl. 

BETWEEN HERE AND THERE 

\Valt:h ami listen as a thunderstonu approa(di(\s, Stonu (doutis gather. 
Then a holt of liglituin«i; fhishes. Some seconds later you hear the ruiuhle 
of ihuiuler. Somehow hoth light and sound got from the sloriu to you. 
From your ohservalions, can you compart; the sprt^l t)f liglil with the 
spetnl of sountl? 

Lisleu for the sound of a high-flying jet airplane. Do you set? the plane 
where its sound seems lo come from? How would things he if light aiul 
sountl traveled at the same speed? 

Is it easy tt> see how fast light travels? Can yt)u get a hint of itsspetnl hy 
Hashing a flashlight on and off al a distant mirror and waiting for the rt*- 
fleelion to return to you? When you eond) your hair before a mirrt>r, tlo 
you finish before your image does? 
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TIh! H|)mul of in ho groal thai no ono n^illy know wliolhor or iiol ii 
was instaiUanoouH until ahoiil {\\vm (UMUiirirH ago, Today noionllHlH nw 
able U) ineasiim llu; .spot^l of light |)rt»(MHt»lys light travulH at tho h|)(mmI of 
186,283 miles |)(»r hocoikL 

You oan (»xaiiiiiu.'! otluM* l)ehavi.)rs of light hy ohsorviiig ol)jo(!tH |)la(M»(l 
ill a strong light hoani. 

I^p Darken the room and shine a [jrojertor beam toward a white H(;reen 
on the wall. Hold a piece of |)apor in the beam. The^ H(jr(;en and 
[)a|)er are bright, but are they really .soz/rm of light? Is it [josaible 
for the light to brighten the pa|)er without a shadow appearing on 
the screen? What are shadows? 
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icill into tlic^ l>€^iitii. I low *t*to ytiii tiriov*^ your |>e^ricMl 
ntiiii willioiit riiovioK lli<* Mli^tclttwV f>4»<«»4 tlii»^ t^'^ll yoii 
I llttv I>i«lli llitit lificlit Uik<>M tt4>»o tli«> proj4M*tor !«> tli<* 




itors ood oross iHesir L>^£Otis. Pot oHalk; cio£%t in tHc^ 

visibles"? >Vr^ yoo r^«llx seeing the l>eo.n^sr* II>c:> tli^ 
^^p^Gekir to distorb* e?£ich other in any way? Does oi^e 



Imam reflecl off ihe oilier? Does one l)e»am hecoiiie fainler afler 
passiriti; llirou»^li ihe oIIum? 

From one [)lac'e lo anolluM, froin a slar to a lt»lesc()[)(% frorn a l)ull) 
lo a speck of dusl — liglil seems lo move io slraifi;lil lines. U Iravels fasl, 
much lasltM vlian sound. When il sli ikes ()l)jeels it st»(Mns to l)ounee and 
head off in a new (hreelion, and a sha(h)W falls alonf>; llie old palh. But 
when il eneounlers another li<^hl |)eanu it [)asses llirou«i;li as lliou^h the 
other l)eam weren't there at all. 

SPREADING OUT OF LIGHT 

The farthtw- away a source of li^rlit is, the fainler il a|)|)ears. The street 
lights in your neicrfihorhood all liave l)ull)s of llie same size, hut you 
know dial die li«j;lils down die street look fainter than the orn^s nearby. 
How much (ainlcr does a li«j;lil l)ceorrie as you look at il froiii a greater 
and grtMler dislanee? 




T() lielf) answer this (piestion, cut a lialf-iu( li square from tlie cen- 
ter of a [)iece of cardl)oard. Place this square liole one inch from 
(he filament of a flasldight hull). Draw a tlin^e-ineli .scjuare in the 
middle of a [)iece of [)a|)tM*. Divide tliis large .square into half-inch 
.scjuares. \\u\) the [)af)er with salad oil so thai light can he seen 
tlirougli the |)a|)er. Hold it at different (hstances from tht^ liglil. 
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How many squares receive lighl when llie paper is held one inch 
from ihe biilh? Two inches? Three? Four? Whal does ihis experi- 
nienl lell you aboul ihe arnounl of lighl each square receives when 
ihe screen is al differenl dislances from the lighl? 




ruler 



Careful ineasuremeiils will show you lhal when ihe paper is placed one 
inch from ihe hull), u[) againsl ihe hole in ihe cardboard, light covers 
one of ihe squares. Biil when you move the paper two inches from ihe 
bulb, ihe same amounl of lighl spreads oul and covers four squares. A 
square's share is now only one-fourlh of whal il was. Al ihree inches, 
a square rec^eives one-ninlh of ihe light il receives al one inch. Al four 
inches, a square receives only one-sixleenlh of ihe spread-oul light. 
The amount of light thai falls on a square any dislance away can always 
be found by dividing ihe lighl al one inch by ihe square of ihe dislance 
lo ihe source. Lighl behaves according lo ihis inverse-square Uiw, 

Tlie inversc-sfjuare law tells how much lighl will fall on an area al any 
dislance from a poinl source, compared wilh ihe amounl lhal falls on 
Ihe area when il is a unil dislance away. The slreel lighl Iwo blocks 
away sends lo your eye V2^ or one-fourlh, as much lighl as ihe streel 
lighl one block away. Only Vs^, or one Iwenly-fiflh, as much reaches you 
from the slreel lighl five blocks away. 



GATHERING LIGHT 

On some clear, moonless nighl when you are far away from cily lighls, 
look al ihe landscape lo see if il is lighled by ihe slars. Il will be almosl 
as dark as ihe bollom of a mine shafl al midnight. When you look inlo 
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llie sky, liowt^ver, your eyrs gallier euougli liglil U) sei^ Ivvo or llirrc 
tliousand of llie l)riglitesl stars. Willioul llie aid of a lelescope, your ryes 
canuol t^alll(M• (»non^li li^^lu lo show you llie oilier hillioiis of slars thai 
Lwr ihrrv. In m»arly any small [)al( h of sky llial a[)|)ears hiaek lo you, 
there are actually millions of slars. IT astronomers are lo sludy these 
lainl slars, llu»y somehow must eolleel tlu* leehle lit^lit that rcMches iis 
Irom the dark distances of s|)ae(\ I.efs explore some ol tin* ways tlu^y 
j;alher li«;hl. WIumi astroiunners want a record of slarli<^hl, tlu^y often 
capture it on film. 




In a dark(Micd classroom, or at tlu* (Mid of a lou^, dark hallway, 
niak(* a lew ''stars."' A strinj^ of miniatiue (^liri.stinas tree lights 
niaki^s a t^ood conslidlation. You can catch lioriKMuade "starlight" 
on a [)iece of whil<» cardhoarcl. KaC(^ away From the lights and hold 
the [)a[>er u[>. Only a small amoinit of the light will fall on the 
[)a[>er. 

No matter which way you hold the [)a[)er, and no matter how ( lose to 
the hulhs, you cannot make the hidhs a[)[»ear as [)in[)oints ol light on 
the pa[>er. To do so, you must do something to the light. 

Try gathering the light with a eoneavi* mirror. Face the mirror 
toward the hidhs and move it aroimd imtil the image Falls on the 
pa[)er. You'll prohahly get s[)lotcli(^s ol' light iusti^ad of sharp 
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images. Are the images of the "stars" black and white? Or are they 
the same colors as the lights? What do you notice about the size 
of the images? 

Because the mirror is curved, the reflected light will form images of the 
"stars." The mirror is much larger than your eye. It ( aptures more 
light from the "stars" than your eye does. 

The bigger the mirror, the more light it will capture and the brighter 
the image it will reflect. A telescope that uses a concave mirror to gather 
and focus starlight is called a reflector. The surface of the mirror is 
polished to a very smooth finish so that the images it forms will be 
sharp. Reflectors often have a second mirror to focus the image outside 
the telescope,, where astronomers can place instruments to record the 
starlight. 




There is another way to gather light and form images. Try it with a mag- 
nifying lens. Use the lens the way you would a burning glass. Move the 
lens closer or farther away until the "constellation" is brought into focus 
on the paper. The "constellation" may seem small, but it should show up 
as bright specks of light that you can see clearly. What difl*erence 
would it make if you used a larger lens? 

A telescope that uses lenses to gather and focus starlight is called a 
refractor. 
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REFRACTING "^^LESCOP^ 



eyepiece 



lens 



COLORS IN LIGHT 

What more aslronomiM.s do with li^'hl than lo galheril unti Tocu.s il 
with riiirrors arul h»n.s(»s? Is therr tiion* to light ihUM wluit y<>u .setMvlien 
yoii look at a liglue^d 

DarktMi thr room as imich as possil)!^, sUm^^ uhoul ^^n (erl (Voin 
your cliislj-r of stars, and look at them ihroutrh u {|iffi*u<-tioii graliu}];. 
Look for the rainl)ow of cohjrs for each light' 
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The [)aM(l of colors on eillier side of a liglii is llie spectrum of llie 
ligfil «?iveM off hy llie hulb. Hold llie gralinj^ in various |)osilions 
iinlil you luive die sptM'IruiH sprt^idinfi; oul from sidt» (o sid(\ 

Before aslronomers eould liopc (o find oul what die stars are made of, 
diey liad lo h\nn some of die ways \ur\\\ hehav(^s, as you havt\ In di(» 
16()()'s Isaac Newlon was. one of du» firsl lo sludy speelra. \\v used a 
ghiss prisni iiislead of a *?ralin«^, hul like you, he worked in a (hu kened 
room. We oflen have lo work in \\w dark lo sUuly li«^hl. 

ON YOUR OWN 

Look al lh(» sky on a clear nighl. Piek oul a region helween ihree 
hrighl slars and Iry to estimate nurnher of stars you (;an see in 
llii.s area with your unaidiMl eyes. Now scan the same n^gion with a 
pair of hinoeuhu's. Fh)vv many more stars are visil)le? 

[^P Peer into a mirror with one eye- Hohl a nder close to your face to 
measure the diameter of the pui)il of your eye. The pupil is the (jir- 
eular hole through which iight enters the eye. Now measure the 
diameter of one lens of your binoculars. Divide the diameter of the 
lens hy your pupil's diameter. Square this number to Kiul how 
much more light a binocular lens gathers than does our eye. 

Thti Hale Telescope at Mount Palomar has a mirror 200 inches in 
diameter. How many time\s larger than your pupil is this mirror's 
diameter? Again, square this number to find out how much more 
light the 200-ineli telescof)e gathers than does the unaided eye. 
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CHAPTER 3 

Ways to Think About Light 



In some ways the behtivior of Hght resembles the behavior of familiar 



Light travels away from its source. So do the pellets of buckshot from a 
shotgun. So do waves on a pond after a pebble has been dropped into 
the water. 

Light is reflected from objects. So is a ball as it bounces off a barn, and 
so is a water wiwe as it strikes a smooth wall. 

Two beams of light cross without disturbing one another. So do two 
streams of fast-moving pellets if the pellets are small enough and are 
not too close together. Do water waves coming from different directions 
cross without disturbing one another? 

Suppose you think of light as a stream of buckshot. You don't have to 
believe that light really is buckshot. But to form mental pictures of 
light, it is helpful to use a buckshot model. This model of light is called 
the particle model. 



Scientists have found it useful to think about light from the sun or a 
light bull) as streams of particles even smaller than atoms, moving out in 
all directions from the source. The more particles striking your eye per 
second, the brighter the light appears. The farther away from the light 
you are, the fewer are the particles that reach your eyes, and so the 
dimmer the light appears. 



objects. 
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ScienlisLs sometimes fiinl il helpful lo lliiiik of a wave model of lighi as 
well as a parlicle model. Waves heliave in some of llie same ways thai 
light does. Light from the sui) or a bull) can be diought of as waves mov* 
ing oLilwarcl in all diivclions from the source. Like waves on water, the 
closer to the source, the larger and stronger are the waves that reach 
you; the light appears brighter. Farther from the source, the waves are 
spread out and smaller; the light appears dinuner. You see the light 
only as long as the waves strike your eyes. 

.Again, you don't have to believe that light really is a wave ofsometliing 
traveling through space. But the familiar behavior of waves on a pond 
may be a useful pictiue to keep in mind when you think about the 
characteristics of light. 

The wave motlel and the particle nuulcl of light are based on familiar 
objects. But don't mistake motlels for the real thing. Motlels serve as 
convenient ways of helping you visuali/e something you can't otherwise 
imagine easily. 

WAVES ON WATER 

(^pUse a large, flat plastic tray, to make a ripple tank. Place the tray 
on an overheati projector. Pour in water until it is one-fourth inch 
deep. Dip your lingcM* into the water to make waves. Focus the 
projt^ctor on the ripples until they produce tiark shatlows on the 
scrt»en. 
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Now make some point source wave. Dip ihe eraser eml of a pencil 
inlo ihe water al regular inlervals. Using a regular dip-and-lifl 
molion, pruclice making waves until you can produce a smoolh 
.scries of ripples moving oulward. SUuly the way the waves move 
hy walcliing ihe screen. Notice ihal waves reflecl, Tlicy hounce off 
the sides of the hay. 

FMace wads of collon arounti the edges of the Iray lo keep the waves 
from reflecling loo nuich. Place a barrier of parallin in ihe ripple 
Iray. Nolice whal happens lo waves lhal slrike il. Does ihe barrier 
casl a shallow? 




Make waves al opposile ends of ihe tray al ihe same time wilh Iwo 
pencils. Do waves pass I h rough each olher? 
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Make some slraighl waves by geiilly rolling a caiulle hack and 
forlli al one end of llie ripple Iray. Pulse llie waves willi a sleady 
heal and waleli Hiein eross llie screen. 

Now mold a clay harrier in llie curving shape of a ()arahola 
you see in llie illiislralion al llie holloin of page 20, 

IMace ihe (Mirved harrier al one end of llie Iray. Make a single 
slraiglil wave al llie oilier end and carefully ohserve llie reflecled 
wave. A brighl spol shows where llie reflecled waves all cross al 
llie focus of llie harrier. 



MORE WAVES 

l^P An excellenl way lo walcli waves is willi a Slinky. Fasleii otw end 
of llie coil lo ihe l)olloiii of a lahle leg and slrelch llie Slinky along 
ihe lloor. Movt» llie oilier end from side lo side across llie floor 
wilh a regular rliyllim. Walcli llie waves as ihey Iravel along 
llie coil. 



wavelength 




wavelength 



Each wave you make has a crest and a trough. The dislance from 
llie lop of one cresl lo llie lo() of llie nexl cresl is called llie wave- 
length of llie wave. Is llie separalion helween houghs llie same as 
between crcsls? Move your hand al differenl speeds lo make waves 
llial have differenl wavelenglhs. Make a single wave and walch 
whal happens when il liils ihe lahle leg. Does a wave on a Slinky 
behave like a waler wave? 
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Make a barrier willi a ruler hallway down llie eoil. Press the ruler 
firmly lo llie floor while someone makes a wave. Is there a reflec- 
tion? Is there a shadow? 

Next, have someone else hold one end of the eoil while you hold 
the other end. On si^^nal, each |)erson makes a sin«^le wave. Do the 
waves sto[) each other? Now oiu! person makes two waves in quick 
succession while the other makes oidy one. Do they [)ass throut^h 
each other? 




The wave model hel[>s us visualize how lifj;ht ^ets from one [)lace to 
another. Waves can he refleet(Ml, leaviuf^ shadows hehind. Waves can 
pass through oiu» another, and Hiey can he locMised. 

The particle model can do all these things, too. Particles can he [)ro- 
|)elled from here lo dicrc. They can he reflec*tetl to lorin shadow /.oiu^s. 
If we make [)arti(des small enough, stntains of them pass through ea(;h 
olher. A conclave mirror can refle(.*l a stream of [)articles to a locus. 
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Do you need both models of light? Or can you gel along wilfi just oue? 



'"■■■■♦S^iBi 




Put bolli models to a further lest. Find a situation in which a stream of 
particles will act in one way and waves in another. Then we can see how 
light behaves in tfie same situation. 




Think about light going past the edge of a wall. Visualize first the 
particle model and then the wave model. If you imagine light as a stream 
of buckshot passing the wall, what sort of shadow would you expect? 




[^p Look more closely at what happens to a wave passing the edge of a 
barrier. Place a paraffin block halfway across the ripple tray, as 
you see in the drawing above. 
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Willi a candle, produce slraiglil waves al one end of llie Iray jusl 
as you did before. Observe wlial happens to llie waves as lliey pass 
ihe edge of ihe bloek. 

Here is a ease where ihe parlicle model and ihe wave model prediel 
differenl evenls. bi one model I here should be a sharp shadow wilhoul 
any bentling al ihe barrier. In ihe olher model you will observe some 
bending around ihe edge, called diffractiotL 

In your ripple Iray, sel up a barrier of parafTm blocks wilh a narrow 
opening, as shown in ihe illustralion below. The opening should be 
aboul one-half inch wide. The paraflin blocks should lil snugly 
againsl ihe edges of ihe lank. Place collon wads around ihe rim of 
ihe Iray lo prevenl refleclion. 




Now make regular slraighl waves wilh ihc candle and walch ihem when 
ihey pass ihe opening in ihe barrier. Does il appear as ihough new waves 
are being made wilh an imaginary pencil localed a I ihe slol? Whal 
shape are lb esc waves? Can you explain why? Try lo make a drawing 
of whal happens. 

Imagine lhal someone climbs lo ihe lop of a flagpole and pours several 
buckels of buckshol pellels loward you in a slcady downpour. You arc 
safe bcnealh a shield in which ihere is a single hole. Nearly all ihe 
pellels bounce off ihe shield, bul a few of ihem fall ihrough ihe hole. 
Would you expccl ihe slream lo spread oul afler going ihrougb ihe 
hole, ihc way waves do? 

Suppose iherc are Iwo holes in ihe shield. As ihe piclure on page 25 
shows, ihe Iwo slreams of pellels coming ihrough ihe Iwo holes do nol 
interfere wilh each olher. What would you sec on the ground? Whal if 
ihe pellets streaming through the holes were particles of light? 
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t^3p In your rip|)le hay, make a parafliii l)anier lhal lias Iwo openings 
iiisteatl of one. The openings sliould liave llie sliape.s and dimeii- 
sions sliowu in die illushaliou on pa«^e 26. It is diilicidl lo make 
regnlar waves widi a (^amUe. Far l)ener wave.s t^an be made l)V 





l)lowiiig; sleadily and gendy diroiigli a drinking slraw. Holtl die 
slraw at an angle widi one end jnsl loneliiiig die waler. Direel 
your sh eani of air loward die poinl of die middle barrier. Carefully 
observe die pallern of overlapping waves beyond die barrier. 
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What really happens when water waves cross each other? The ripples 
in the tank are so small and moves so quickly that they can't be 
examined carefully. We need an instantaneous snapshot of the 
situation* 




Look at the next diagram. The solid curves represent the crests of 
waves coming from each opening. The broken curves represent troughs. 
Look straight outward along line A, Notice what happens at each place 
you see a crest or a trough. Look outward along lines B and C. 
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Along lines A, B, and C, you will see iwo cresLs or Iwo troughs meeting. 
Suppose the waves coming from each opening have crests one foot 
high. How high would \\^e combined crest be? If the troughs are one 
foot deep, how deep W'(;uld the combined trough be? The drawing 
below helps explain htm' orests and troughs reinforce each other to 
construct bigger waves. This is called constructive interference. 



crest crest crest 




equal 

crest crest crest 



combined 
wave 




CONSTRUCTIVE INTERFERENCE 



Look again at a ripple diagram. This time refer to the diagram at the 
top of page 28. Look outwurd along the dotted lines D and E. What 
happens at each [)lace yoU see a crest or a trough? 
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Aloii*; lines D and £*, each lime you see the crest of a wave coming; 
from one hole you also see the trough of a wave coming from the other 
hole. You are on a crest and in a trough at the same time. What occurs 
when crest meets trough? Suppose each wave has crests one fool high 
and troughs one foot deep. The drawing below helps explain how crests 
and troughs cancel or destroy each other. This is called destriicthr 
interference. 



crest crest crest 




and 

crest crest 




DESTRUCTIVE INTERFERENCE 

Examine Plates A and B. (These and other plates for these ac- 
tivities will he available from your teacher.) The curved lines 
represent crests of waves that radiate away from the dot at the 
barrier hole. Troughs lie midway between the curving crests. Turn 
IMate A over so that you are looking at it from the reverse side. Fit 
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U on Plalr B so lhal ihe hast* lint* and verliral mark on A coinritle 
willi ihe* base line and vertical mark on B. Look down on ihe 
plales from a disUince. Noliee die pallern of lighl and dark bantls. 
Li»;hl padis show where eresls rross each odier; dark padis show 
where cresls and I roughs cross. 




Look again al ihe wave pallern of inlerfering ripples. Use ihe ripple 
Iray wilh ihe Iwo-hole harrier. Blow genlly and sleadily ihrough 
die slraw. Look carefully al die wave pallern. Try lo idenlify die 
palhs of deslruelive interference, where ihere are no waves. Look 
al die palhs of conslruclive interference, where there are strong 
waves. 




Here is another example of how waves and particles behave in different 
ways. Particles go through two holes in straight lines. Waves interfere lo 
produce paths of strong waves and palhs of no waves. 
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THE CRUCIAL EXPERIMENT 

So miu'h lor Inicksliol imd ripplus. WluU iihoiil licrhi iist^lf? Send liglil 
ihrou/^lr Iwo small holes. Will it heliave us piirlicles or wuves? If li«r|ii 
l)t»liaves as pailicles, wluil woultl you expeel lo see? If il behaves as 
ripples, what ihen? How would you ideiUify a paUi of no lif^hl waves? 
Lel\s see how lif:;hl l)ehaves. 




Ust» a sharp pin U) make a pair of liny holes in a piece of heavy 
paper ahoul two inches square. Make die holes as small and as 
(dose U)«iedier as you (;an. Peer dirough die holes al die liny lighl 
hulhs you used hefore. Sland al leasl len feel away from die hulhs. 
Kolale ihe eard as you look. Deserihe wlial you observe ahoul ihe 
lij^hl ('omin«i ihrouj^h ihe holes. 

Hoes your ohstMvalion of llie inUM-ferenee of lifrlil correspond lo die 
inlerleren(;e of waves in die ripple Iray? Your source is no longer waves 
caused hy air from a slraw, hul is lighl fnmi a hulh. Inslead of openings 
in parafRii, your openings are n{)w holes in a harrier of paper. Waler 
waves pass llirough holes and inlerfere in die space heyond. Lighl 
pass(^s ihrough holes anti inlerferes in ihe space helween die harrier 
and your (^ye. You see hrighl hands where conslruclively inlerfering 
waves come lo your (»ye. The pallis of no waves lead lo die dark places 
in btawt^en. 

For explaining inlcrfenmce, die wnw modtd works well, hul die 
panicle model (Iocs nol. For explaining relleclion and crossing lighl 
beams. lli<\se Iwo nKulels work eiiually well. As you will laler see, ihere 
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are limes when llie parlicle model works heller. Soiiielimes, liowever, 
neither model seems lo do die job of explaining die helmvior of liglil. 
For lighl is neillier hucksliol nor ripples. Liglil is liglil and iiolhing else. 




ON YOUR OWN 

[^pThis activity shows how mirrors reflect light. Make a slit one^ 
sixteenth of an inch in a circle of cardboard and tape the circle on 
the lens of a flashlight. Tape a Hat pocket mirror upright along the 
end of a table. Place the edge of a protractor against the mirror 



black 
paper 
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and sIkIi' Mack paper tiiidrr tht* piotraclar. Darken \\w room. Mold 
(lie llashli«;lil so dial \\\r Vi'r(i(*al hcaiii Iroiii die slit strikes \\\r 
mirror al die eenler of tlw* prolrac^or. Hold the lif^lit (dose to die 
mirror. Kead die aiif^le where die heaiii crosses die prolraelor — die 
aat^le hetwetMi the heam and the mirror. Also read die allele 
Nvli(M(» the h(»am relleeted from the mirror crosses the prolraetor. 

Now move the li»;hl so that the heam enisses at 10°, dieii 20°, and 
so on. Head th(» aii«;l(» of the relleeted heam eaeh time. Make a 
slat(Mnent ahoiit how the aii^le of the iiu^omini!; heam alTeels the 
aii»;le of the relleeted h(»am. 

The (day harrier in this chapter is in the shape of a paruhola. 
One iiUereslin^' properly of a parahola is thai all parallel li*!;hl 
heains, direelly slrikiii*; a relleclor lo this sha|)e, are houneed 
hack lo a point. This ()oinl is called the focus of die paruhola. 

What would liapi)en if a source of li»!;hl w<M'e |)la(?e(l al ihe foensV 
What would th(» pulhs of lh(» reflccled heams he like? 



CHAPTER 4 

The Electromagnetic Spectrum 



ihiv prohltMii ill srciiitr (he iiiliMlVrciuM* of li«^hl llir()ii«^li Iwo pinliolcs 
is lluil llu" litrhi is vrrv faiiil. It would he IuMUm' il" nvc could use luaiiy 
iiiort* holes close lo»;ellier in a row. Tlieu iiiucli more li«^lil could 
pass dirouirli. 

Draw a slrai^di lin(» on a piece of paper, Usiu«^ a sliaip pin, make a 
row of \en linv l).)les alon«^ die liiuMis evenly spaced and as clos(» 
lo^(»lFier as pu sihK*. 

Now look al [\w Chrisliuas U vv li«^hl hulhs dirou«^li die row of holes. 
Do dilutes look any dilTereul diroii«^li a harrier widi many hoh»s 
lhaii diey did !liroii<^li a harrier widi only two lioh\s? 

Many holes or slils le» more li<^lil pass lliroii«j;h, The inlerference 
paUern is dierefore hri^lUer diaii one seen widi jusl Iwo slils. 




If you looked al a (lilTraclion f^niliiif^ Nvilli a V(My powciful ini('rosco|M', 
you would sec lliousiUKls o( f^rnovcs in llu' sIumM of plaslic. Tlic spaces 
hehvrcu frruoves iwi like sliis. Light vnii pass (lu'uuf^li (lu*tn. A frnuiuf^ is 
likr a harriiM* wilh uuuiy slits iiislcad of jusi hvo. IMvv (o die diaf^raiu 
uu \n\^v 

The sills in the plaslie t;ialiu»^ are very close lo»!;edier. Whal elTeel does 
die placing of die sliis have on the inl(Mrereiiee palleniV Plah's,/ and H 
will show you. 

Turn IMale // over and place il on I^lale /i, so dial die l)as(» lines 
coincide. Fhis Unu* move .1 hori/onlally across li. Whal happens 
lo the paths of coustnu'tive inlerrerenee as you move the slits 
closer tot;etli(M? As you move tlieni I'arthcr apart? fienieinhcM* that 
the waves on Plates // and li have the same waveleii»!;tlis. How 
should you locate the slits on a harri(»r if you want the inltMlerence 
paths to spr(Md out at wide an»;les? At narrow an*;les? 




riiis activity shows that if the slits are V(My (dose logtMlier, the padis of 
coiistnu tiv(» int(Mlerence are spn^ad nnutli farther af)art. The slits in 
th(» plastic t^ratin*; an* so elos(? thai 11^,400 are crowded into one imdi. 



LIGHT AND COLOR 

Like water wav(\s, li*;ht waves interlere with one anotluM*- Lik(» water 
waves, li*;lit waves must liav(* wavelen*;tlis. 

But then* is sonietliin*; new when li*;lit waves interlere: colors- 
Make a 2 X 2-ineli slide of (.ardhoard with a long, narrow slit 
alxnU on(*-sixteeiitli of an inch wide. PLice it in a slide projector 
ahout tlire(* feet from a s(!reen, and fotnis the image oi du; slit on 
the screen. Hold a pie(^e of grating over the front (»f the projector. 
Turn the grating initil th(* spectra are horizontah 
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The uhilisli lit^lu IVom thr pioifchir ('(jnlains \\^^\\\ dl' all coldis and is 
iKil a piiiv and siinplr dunt^. H you roinhincd dir (Mdors of dir spcclruia, 
ytni would lunr whidsli liulu hark a^aiii. Thr li^hl dial ivaclics us IVoiii 
a llasldiiihl hull), or IVoni Sirius, or from a slide projcclor is alwavs a 
uiixlurc of colors. ^Ou stddoin set* lit^hl dial cniilains jusi a siu«^l(MM)lor. 

Can die Wiwr \\un\r\ of li-hl led us anyduii*^ ahout colorsV Why dicy arr 
spread out in a handV ^du can slarl to look lor answers lo diese (jues- 
dons hy earcrullv ohscr\ ill^ jusI how li«ilil of dilTcrenl colors hcliavcs 
as it leaves the liratin^. 

[^P Mount the plastic •^ratin^ on the end ol* an old hook or hox. Use 
tape. The •iralin«i should he level with the surface of the hook. 
Cut die slot out of Plate C. Place Plate C on the hook so lluit the 
uioiuited •ii'adii<i lits into the slot. 




l^P Owo umv pliUM* in ihr prnjpclnr llu» 2 X 2A\\v\\ vwnWnnwA h{\\u\\v 
wilh llir hMi (Mil inio il. Wilh \ho \m\\i'vU)V i\\m\\ Iwn \ov\ Irnin llu* 




*^rahn«^, sliiiu^ the narrow heani of lif^lil alonj^ the 0° line on llie 
|)a|)(M'. Prop up the flap and focus the lij^lu on il. Adjust iIk^ pro- 
jector so that the beams of colors can Ix* seen alon*^ Plate C. 




Look at each spectrum that emerges from the gratint^. Observe 
the angles lliat different colors of light make as they leave the 
grating. 

In a table, record the colors found at (*acb angle— 12°, 13°, and 
on through 21°. 
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lifi;!)! Inivcis awny iVnin iIk* Kniliiifj; in one dinMlioii, f^Mvcn lif^lil 
in jnii>lluM\ l,ifi;lii u|' color moves awjiy in lis own diivciion, 

and rtlriki's ila^ s<'nM»n a liuh^ lo ihc Hi(l(» ol' lis nrif^lihor lo lorni iho 
s|MM'lrnni, 

llnl why sluaiM wavost^fivd li^hl lakra pallnliiTorrnt IVoni ^rivon? Why 
\ all foha's oi' li^hi lollow ihr sanir palh and all snikr schmmi 
al \\w sanu» \)\i\rvf L(M ns look a( drawin^^s ol' wav(» palUMiis a^^aiii 
lor chirs. 




I^p The hvo inlerfenmcc pallerns called Plales D and E are provided. 
They are drawn widi differenl wavelenglhs, hiU die holes are die 
sani(» disUnuje aparl on die Iwo plales. Wlial (liff(M(»nee in die 
paUeriis of inlerferenee (^an he iioled? 

Widi a rider, ineasiini die wavelengdis on each plale and eiiler 
die nieasiirenienls in a lahle. On eaeh plaU» ineasnre die angle 
helween die padis of eonshuelive inlerrereiiee. Record die si/.<» 
of eaeh angle nexl lo die corresponding waveleiigdi. 

\Vlii(di waveleiigdi gives more widely spaced padis of waves? Tell 
how waveleiigdi makes a differenet? in die inlerference pallern 
of waves and no waves. 

Snppose dial liglil willi holh wavelenglhs D and E is coming ihrongli 
one pair of slils al die same lime. Liglil of waveleiigdi D slrikes die 
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HciiM'M in ctM'UMii |)ln(M»H. I.i^lil of \vuv(^h»nfi;lli A* nlrikoH \\]v Hr\vn\ in 
ciM'lain pliicpH, |)n ilioy \\{\\\\ Hirikc til mww phircnV 

(^P Tnrn IMalo D ovrr and \)\\\vv it on VUwo Mnko ihn hnlon coin" 
cidr. (liMninni' ihc pallin al' llf^hu WIhmv do yon him' only lifi;hl nf 
\vavp|rnf;di /^.^ Wlu'rt' Wiudd yon stM* lif^ln ol' htah wnvnlcnfi^dis 
/) K lofi;i'du'r? 

Thr inod(*l pri'dicls d\al il' hrhavcs ns a sci of waves widi a Miixtun* 
ol' wavclrnf^dis, it will hr spread into hands ai'trr iiassin^ do'oof^h a 
«;rntinf;, diirnrnl wav(denf;di will lir srpnraU'd iVoni \\\v iillicrs. 
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What can yon now coii( lnd(» alKuU llic wavclcii^llis ol n»d and vi<)l<*l 
lij^lil? \\ liicli arc l(»ri^cr? As yoii "'iikiv**'' IVoni \\\v red end of llic spcc- 
Innu U) ihc violcl ciid, wluit happens lo ihc wavclcM«^lhs? 

Th(» white li^ht coniiiij^ from die proj(»ct(»r is a mixture of li^ht (il rnaay 
(liffenMU wav(deM«^lhs. Alter |)assiii«^ thr(»n«^h a ^ratiii^, li«^ht waves 
interHM't* and spread out acc(»rdin^ to their wav(d(Mi^ths- Violet li«^ht 
has th(» short(»st wavelengths and red th(» longest- 

FINDING WAVELENGTHS OF LIGHT 

Now yon know that the wavcdenglhs of red light are h)ngerlhan those of 
orange light and hlue waveli^nglhs are longer than those of violet. Hut 
how long a(.'tnally are these wav(denglhs? Again, (hawiiigs of wave 
lanterns can show yon how lo find the answers. 
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I^Look al your iiuwiHiiivinnilH of llx* nni^\vH lliul diUVivnl vuUm of 
lif^hl inaiK^ mh ihry Irfi nnUinf^, \Vhi<^Ii color inovod away al 
15''? Wo will now iind llu^ wav(d(MifMh of iIiih parliciilar color oI" 
lif^hl, usiof^ IMalo I) lo lu^lp. 

Vou have already iacaHor<Ml the wavoloof^dis oi du* wavon tai 
Plaio />. Now moasiMv distanoo holwoon iUv \n\\\\vr ho|(»s. 
Whal is dio ratio of Uio wavolonfi;di lo the dislanoo holwoon IioIohV 
The wavoloof^di over iho (lislano(» holwoon IioIom o(|oals whalV 

How luaoy liinrs snudlor is wavolrof^di roinpaird widi dio 
sopnralioo holwocn hok'sV 

Whal woidd IMalo I) look liko if il woro shnink lo only half-si/oV 
'riio holes would ho only hall' as far aparl. Wave orosis woiild also 
he hair as Car aparl, ihoroforo, Iho wavolon^lh would ho half as 
loni^. Chaijt^inf^ ihc scale of iho (Ha^rarn, ihon, doosi^l ohaii«^o ihe 
ralio of (he wavehMi^lh lo (he disUuiee hehveeii holes. Vou can 
prove (his hy measuring (he new hoh* separadoii and wavelt»n^(h 
on (he hair-si/.e drawing, 

Wh(»n you (!han^(» si/.(» of (he dia«;min, wha( happ(?us (o (Ik* 
angl(»s l)e(ween iUv padis of eons(nie(i vely in(errerin«^ waves? 
Cheek your «^uess hy laying Pla((^ I) over (he halksi/e drawing. 

Knhnge or shrink INa(e I) as nuieh as yon wish, l)u( (wo (pian(i(ios 
always remain (he same: (he ra(io of waveh»ng(h (o (lis(an(!e he(weeu 
holes, and (he angles he(ween padis of eoMs(rue(ively in(errering waves. 

Here is a elue (o finding (he wavelengdi of (he liglu (ha( leH (he gra(- 
ing a( 15°. Your measuremeiUs have shown you (ha( (here is also a pa(h 
of (!ons(ruo(ively in(erfering waves a( 15° on Pla(e D, Then you ean 
dunk of Pla(e D as a gready enlarged model of (he gradng and ligh( 
waves. Pla(e D shows (ha( (he ra(io is V4 when (he waves cons(rue(ively 
irUerfere at 15°. 

Onee you know (he (lis(anee he(ween (he ''holes'' in your gra(iiig, you 
ean divide i( by four and fmd the wavelengdi of 15-degree ligh(. Sinee 
(he plastie grating has 13,400 sli(s to (he inch, (he dis(an(!e he(ween 
''holes'' is Vi3,4oo inch. The wavelengdi of the 15-degree light is four 
(inies smaller than this: V53,6oo inch. 

Scien(is(s have been able (o measure the wavelengths of ligh( hy 
measuring (lu? angular direc(ions followed hy ligh( of differen( colors 
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ixher the light has passed through a grating. The wavelengths are 
extremely small. Red light has wavelengths of ahout Vasjooo inch. The 
wavelengths ol' violet light are near Vesjooo in(?h. It would lake about 
:i6,0()0 crests of red light or ahout 63,000 t'rests of violet light to form 
a train of waves one ineh long. 



violet g reen ^.-?2[15?-> 
< > < — > 

blue yellow red 
< > < — > ^ > 

ngstrom units 

1 I 1 I ""I I " I I 

I500A 4000A 4500A 5000A 5500A 6OOOA 6500A 7000A 7500A 

The inch is an inconveniently large unit to use to indicate wavelengths 
of light. When scientists measure extremely lar!<<" small quantities, 
they use different units. One of the units for wavelengths is called the 
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Arifrstrom (ANGH-slruni) uiiiL The leller A is Ihe al)l)revialion for ihe 
Angstrom. Red liglu hu^^ wavelengtlis of about 7000 A; violet, aljout 
4000 A. 

BEYOND THE RAINBOW 

Are there any waveleiiji:tl)s shorter tlian violet li«^lit? Are tliere any 
loiifr;er tliaii tlit^ longest ^'^U wavelencrths that you can see? How (!oulcl 
you detect waves that ar<^ invisible to your eyes? 

Paint the bulbs of e'i^iilit identical alcohol thenuonieters with dull 
black paint. (>ut i\v<> rubber bands aud staple them to a piece of 
cardboard, as showri in the cliagrani below. Draw a horizontal line 
l)etween ihe two rubber bands. Insert the thermometers in spaces 




beneath the rubber i^^Uuh so that the top of* each alcohol column 
is just at the line. This line represents room temperature. Now 
tape the cardboard therniomelers to the inside of a small 
carton. 
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Place a 2()()-walt clear Inill) al)()ul lluee feel IVom the carloii. 
Mounl a lliree-iiich iiiaf!;iiiryin}^ lens level willi the filanieiil ol llie 
hull). Focus a clear iriia}^(» of llie filaiiienl on llie inside of llie box 
l)y adjusliii}^ llu» position of the lens eillier closer lo or larlher 
IVoni the l)ull). 




Hold a while card helween ihe lens and ihe hox. Move llie card 
unlil ihe spol ol lij^hl is al)oul ihe same widlh as ihe 60^ prism. 
Place ihe prism iipri<^hl at ihis loealion wilh one aiij!;le poinlin^ 
loward llu» li^hl. The prism musl he level wilh llie lens, Hemove 
ihc card. A spe^clnnn will he direcled oul of llie prism In each side. 
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Now posilion {\w carloii so iluil llu^ l(»fl-luin(l s[)e('lrum falls on 
llie ihernionieUMS. HoUUe llie prism slighlly uiilil llie speclriun is 
{•\viU' and sliar|). One of {\w middle^ diermoinelers should he jiisl 
widiin [\w iv(\ region of llie s[)ec'lrurn, hul ilw nt^xl oiw should he 
oulsid(» die iv(\r V\i\rv a harrier heside die hox lo pnweni direel 
lij;hl from sinking dierinomelers. 

Turn die hniij) off and allow die di(»rmonielers lo cool lo room 
leni[)eralure. Adjusl iUv ihernionieh^rs if ihe aleoliol eolninns iwv 
nol even willi ihe lint*. 

Turn on die li^^lil and do nol clislurh die apparalus for 10 niinules. 
Now u\n\ ihe ihernioinelers. Wliieli lliernionielcM- rcMords llie 
highesl lein[)eralure'i^ Did ihe focused visihie liglil froni die 
(ihiiiieiil fall on ihis iherinoinelerV 

Soinediing caused lli(» leiiiperaliire in the zone jusl l)(\Vond die hand of 
red lo rise. Soiii(4hiiig hesides visihie liglil Iraveled from die hull), was 
fociis(Ml hy die ItMis, [)a.sstMl ifiroiigh die [)risni, and fell on die llier- 
inoinele is. 

You have delecled radiation dial is redder llian red. The hull) radiates 
mon^ than the light you fan see. Beyond red light there are longer 
wavelengths called infrared radiation. Altliougli our eyes cannot re- 
spoiid to it, thermometers do respond, hifrared radiation includes a wide 
l)aiKl of wavelengths from 7S0() A to ahout 10,000,000 A, or 1 millimeter 
in length. 

Tlierinoniet(*rs cannot detect wavelengths longer than infrared. These 
longer wavelengths are radio waves and radio receivers are needed to 
detect them. F^adio waves from hroadcasting antennas move through the 
atnios[)liere to your antenna. Your radio is sensitive* to wavelengths of 
150-160 feet — niiK h longer than the vei^ short wavelengths of visi- 
hie light. 

Radiation with wavelengths shorter than violet light is called ultr<h 
violet. The wavelengths of X-ray radiation are shorter still. Gamma 
radiation has the shortest wavelengths of all. 

As you will find in a later chapter, radiation with wavelengths nundi 
shorter than violet cannot penetrate the earth's atmosphere. Astrono- 
mers must s(Mid instruments aloft in ro(;kets and nian-inade satellitt^s 
if they are to record the ultraviolet. X-rays, and gamma rays coming to 
us from the depths of space. 
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entire hand ol waves, IVoin tlie shortest to the h)ngest, is called the 
electromagnetic spectrum. Your eyes respond only to a small part of this 
spectnnn. There is more to the ele(itromagnetie spectrum than meets 
the eye. 



gamma rays ^ 



X rays 



ultraviolet , 



visible light 
infrared 



radio waves 



w/////////m. v/////m 



shaded areas show regions of spectrum blocked by the atmosphere 



ON YOUR OWN 

A phonograph re(!or(l can serve as a grating. Hut when you use 
it, you will look at light that is reflected off the record, rathfT 
than transmitted through it. Look at light from a lamp across 
the room. Hold the record so that the light strikes it at a glanc- 
ing angle. The reflected light waves interfere exactly as trans- 
mitted light waves do. 





Make a slit one-sixteenth of an inch wide in a circle of card- 
hoard and tape it on the lens of a flashlight. Kill a deep, trans- 
parent refrigerator dish almost to the top with water. Place a 
few (lro|)s of milk in the water. Rest the lighted flashlight on 
one rim of the dish so that the narrow heam shines directly 
down into the water. The heain should shine along the side of 
the dish. Now darken the room completely. Is the heam hent hy 
the water when the light is shining straight down? 

Now tilt the flashlight so that the heam strikes the water at 
different angles. Keep the flashlight resting on the rim. How 
does the angle affect the heiiding of the heam at the surface of 
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the water? In what direction is the light hent? The bending Of 
light when it passes from one transparent suhstance to another 
is called refraction. 



I 




A prism spreads white light into a spectrum hecause the light 
is refracted as it passes through the glass. First the light is 
hent as it enters one side of the prism at angles. It is hent a 




second time, and in the direction, as it leaves the prism hecaute 
the exit suriace of the prism is not parallel with the entrance 
surface. Longer wavelengths are hent less than shorter wave- 
lengths: red is hent less than violet. 
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CHAPTER 5 



The Continuous Spectrum 

Hot filanienls of eleclric light bulks racliale iiuiiiy wavelengllis. The 
spet'trimi ol llitMi* radiation shows all colors, with no gaps. It is a con- 
tifiuous spectrum. Can the continuous spectrum give anv clues about 
the body that radiates it? Light l)ulbs appear to radiate only if they are 
hot. Let us begin our search for ckies by looking for changes in the 
appearance of the continuous spectrum when the temperature of the 
source changes. 




Place a strip of friction tape along each edge of a wooden ruler. 
Carefully wind about 12 feet of No. 30 uncoated steel v;ire around 
the ruler. The turns of wire must not touch each other. Tape both 
ends of the coil so that it will not anravel, but leave about two 
inches free on oru* end of the coil. 

AvTre a 1.5 miniature bulb in a socket. Connect one wire from the 
socket to the free end of the coil. Tape the other wire securely 
to tlu? base of a flashligbt cell with elcctricnan's tape. Regulate 
the current through the bulb by inverting the cell and sliding the 
lop contact across the coil. Darken the room as much as possil)le 
and observe the light from the bulb. 
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As more currenl f];oes llimugli llie bull), ihe fllciiuenl grows holler 
and ihe liglil il eiuils becomes briglilen As llie rurrenl decreases, 
llie fdameiil becomes cooler and ils liglil grows dimmer. The 
brighlness of ihe lighl depends on llu' lemperalure of ihe filamenl. 

Now observe ihe lighl ihrongh n graling. To mnke ihe speclruni 
easier lo see, phire a piece of bhu^k pjiper so lhal il makes a dark 
background for ihe speclrum. To eliminale slray lighl, luip your 
hand iuound your eye. 




n 

v-b g y-o r v-b g y-o r v-b g y-o r 

COOLER HOT HOTTER 

Are any colors fading more than others? Whal colors remain when 
ihe speclrum is barely visible? Now observe ihe changes again, 
starling when the bulb is dimmest and coolest. Des(;ribc how the 
speclrum (dumges as the temperature of the filament changes. 
These chmiges can be illustrated roughly with the type of graph 
shown above. 




You luive seen llial cooler objeeLs ruiliale niosl oi llieir light in llie reel 
re«j;ioii of llie speelruiu. As llie leiuperaUne is raisetl, more ami more 
blue is evideuL Can llu?se ideas lead lo a beller undersUnidin*^ of 
die slurs? 



Bete'geuse 



T ^ 

\ ORION \ 

\ < \ 

\ 



\ 



I 

Rigel 



Sirius 



Belel«^euse (BET-'l-jooz) is die l)ri«^lil red in die wiuler eonslellalion 
Orion (oli-RYE-un). Ri<^el (RYE-jnl) and uearhy Sirius appear bluish. 
Fardier nordi in die winter sky, Capeda (kuh-PELL-uh) shines yedow- 
while. Are die colors of these stars clues to their temperatures? 
Betelgeuse must be cooler bei.'ause its radiation is mostly in the red 
or oran»^e wavelengths. The bluish color of Ri«^el tells us that it musl be 
hotter than Betel«^euse. What about Capella? 
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Sirius 
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Betelgeuse 



ultraviolet 




v-b g y-o r 
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The color of Rigel suggesLs lhal it is [\\e UoHesi p( ihe four. Il is so hoi 
lhal ihe blue radialion is slronger ihan any of ihe olher colors. Tltink 
hack lo your observalions of ihe lighl filamenls. As you made ihe hulb 
holler, llie shorler vvavelenglhs becari\e brighler. If you could have 
liealed ihe filainenl lo l\igl\er kMnperalures wilhoul nielling il, ihe sliorl 
wavelenglhs of blue and violel would al lasl have oulshoue ihe wave- 
lei\glhs of olher colors. The colors of ll\e slars give us a clue lo iheir 
lemperalures. 

PLANCK CURVES 

So far, you liave used oi\ly your eyes lo deled radialion. Bui eyes see 
only ihe visible waveleriglhs. Whal are ihe olher vk^avelenglbs doing as 
you raise ihe lemperalure of ihc radialing filainenl? 

To find oul, you would need deleclors lhal can "see'' in all llie wave- 
lenglhs ihroughoul ihe eleclrontagnelic speclrum. Heal deleclors could 
be used in ihe infrared. Pholoeleclric cells could deled ihe ullraviolel 
and visual wavelenglhs. Radio receivers could measure brighlness in 
ihe radio wavelenglhs. Physicisls use a variely of deleclors lo measure 
ihe brighlness of an objecl al eveiy wavelenglh in ihe speclrum. 

Graphs lhal show ihe brighlness of objects radialion al differenl 
wavelei\glhs are called Planck curves, afler ihe German physicisl Max 
Planck (PLAHNGK). He was ihe firsl lo offer a iheoiy lo accounl for 
these curves al aboul ihe year 1900. 

Look carefully al ihe Planck curves in ihe diagrani. There are many 
lhii\gs lo nolice aboul ibe way ihe curves change as ihe radialing body 
grows holler. Perhaps ihe firsl differen(;e you nolice among ihe c\irves 
is ihe greal change in iheir sizes as ihe lemperalure rises. How tloes 
Ihis agree wilb ihe way you observed ibe brighlness of ihe lighld)ulb 
change in visible wavelenglhs? 

Wbal do Ibe PI anck curves show aboul ibe way ihe color of a radialing 
body changes as il grows holler? Do ihe blue and violel wavelenglhs 
gel brigbler lhan ibe red? Radialion from exlremely bol objecls is rich 
ii\ unlraviolel and even X rays. Tbe'cooler objecls emil loo lillle radia- 
lion al ihese sborl wavelenglhs lo ii\easure. 

Nolice ibe poinl wht^re each curve is brighlesl. How do ibe peaks of ihe 
curves differ? In whal direclion does ihc peak wavelenglh move as ihe 
radialing source becomes holler? 
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ABSOLUTELY 



ir It'll U) ilst'ir, a hoi (il)j('( l will cool hy radialiu^ away iUs li(»al. The 
li«^lil hull) yon wvrc ohs(»rviii«^ cooh^d down lo llic Iciiipcralurc of llu* 
room sooii al'lcr ihc (dcclricily was liirncd olT, ll could nol have j;rown 
cooler ihau ihc room hccaus(» ils surrouiidiiij^s would ihcri warm il hack 
lo room lcru|)(»ralurc. They are radialinj; loo, Al roorn lemjXMalure ihe 
hull) coi)liim(»d lo radiale, hul whal il was ^ivinj; up lo ils siirroimdiifj^s, 
ihe radialiiit^ smToU!idiu«^s were «^iviii«^ hack al ihe same rale, 

hiia^iiie a liirhl hidh suddenly exlin^uished oul in ihe middle ol no- 
where. Tar from any peison or ohjecl. Il would radialeaway ils heal and 
ils lem|)(Malure would fall. As ils UMnperalure lelL il woidd ladiale less 
and l(*ss hri<rhlly. and ils radialion woidd occur moslly in lln* inlrar(*d 
and radio wavel(*n^lhs. In lime it woidd hecome so cold lhal ils leehle 
radiation woidd diminish lo nolliinir at all. Il could (^row no colder. 

This ihout^hl (»x|)erimenl has led us lo an exlremely imporlanl id(^a 
ahoiil tem|)(»raliire. An ohjecl has rallcn lo ils low(»sl |)ossil)h» UMiipera- 
liire when il no lon«^(M- has any heal lo radiale away. I'hvsicisls call ihe 
lemperalure al which ohjecls can no lon^'cr radiale ahsaluto zora, 

O** centigrade 
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0** Fahrenheit 

• 1 

(32T) 
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0^ Kelvin I 

O^K lOO^'K 200°K 4 ^OO'^K AOO^K SOQ-'K 

absolute (273''K) 
zero water 



freezes 

Whal is ihc leinperalun^ ol ahsolulc zero? Z(»ro, ol't^oursc. liiil il is nol 
zero mosl of us are familiar wilh. Many ofoiir lli(Mrnomel(»rs indieaU* 
Fahreiiheil lemp(?ralure. On lhes(s wnler h(»ezes al :i2° and hoils al 
212°. On C(»i)li^rad(! lliernioiiKaers, waler fn^ezes al 0° and hoils al 
100°. Hul 0°C is C(Mlaitily nol ahsoluU? zero. Ahsoluhv/.ero, the U^mpera- 
liire al which all radiation ceases, is —460° V or —27.'^° 
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ScienlisLs have foiuul il convcMiienl U) use a ihernionieler llial places 
zero al ahsoliile zero and marks llie (lt»grees vvilli the same seale used 
on llie (!eiiti«^rade diermonu»ler. Teni[)(»ralures read on siuiU a tli(»r- 
momel(»r are ^iven in degrees Kelvin, Wal(»r frec^zes al 27:5° and hods 
al 100° liolUM— al 37'}° K. 
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TEMPERATURE FROM COLOR 

Teni{)eraline delerniines die eliaraelensli(\s of an ohjeel's eonlinuous 
s[)eelrum. Fh)\v (.'an you use die eontinuous speclruiii as a llienionieler 
lo l(dl {\w l(»ni[)(»ralure of lli(» hody dial ra(hales il? liave ah'eady 
talked ahoul a nielliod — ohscMviiifj; lli(» (M)lor of the radiation from the 
source*. Now let's see how \\v can actually read tlus themometer in 
de«i;ret»s. 

Look at the Planck curv(\s in the dia«^rani on [)a«^es 54-55. You know- 
how (dian«^iM«^ the t(»ni[)eratiire changes the hrightiiess of one color 
compared with another. Sup[)os(» you compare the hriglitness at two 
wavelengths, say n(»ar 4000 A in tli(» vioh^ and near 7000 A in the red. 

With just tli(\sc two measun^MKMits you can learn the tem[)erature of 
tli(^ sourc(». 

Use a millimeter ruler to measun* the height of ea(;li (;urve at 
4000 A and 7000 A. Record the measunMncnts in a tahle. In the 
first column of the tahle enter the four t(»nip(Uature rearlings. 
In the se(M)nd column record the height al 4000 A, and in 
column 3 the height at 7000 A. 
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You ciui now (!oin[)an? hri^hlucsscs al lh(».s(» two waveleiifrilis for 
cixrh lein[)eralure hy fiudiufr this ratio: 

heifrht (in m m) at 7000 A ... 

\- I , ,^ ; — , AiMxrx A ^ nriKntnrss ratio 
height {\n mm) at 4000 A ^ 

In the fourth column of your tal)l(» enter the hrif^htuess ratio. Now 
can you think up a •general rule that will tlescrihe how the 
l)ri{<htiu».ss ratio chanf^es with the temperature of the source? 

Suppose you measured the hritrhtness ratio for a star and found the 
ratio to he 2. What would you expect the ^ar's temperature to he? What 
if the ratio were 1? Would the ratio for hluish Rif^el he larfi;er than 1? 

Can you see how the hrif^htness ratio enahles the temperature to he 
(Jeterminecl? Astronomers frequently find the temperature of a star this 
way. They call it the color temperature because th(;y find it from the 
star's ('olor. 



TEMPERATURE FROM PEAKS 

The Planck curves show us another way to use the continuous spectrum 
as a thermometer. They show that the brightest wavelength changes 
with temperature. As we go to hotter sources, the highest f)art of the 
Planck curve moves steadily to shorter wavelengths. In the last century, 
Wilhehi! Wien (VEEN) discovered that the peak wavelength muhiplied 
by the temperature always came to the same number when he used 
Angstroms and degrees Kelvin for the units, 

l^p Fn>ni the Planck curves, verify that Wien's relation is correct. 
Kill in a table with your results. Column 1 will show the tempera- 
ture readings of 2000°, 3000°, 3500°, 4000°, and 5000° K. Enter 
the peak wavelength for each temperature in column 2. Calculate 
the product of the peak wavelength and the temperature of each 
case and enter the product in column 3. What is the nearest round 
number for the products you show? 

How can we use Wien's law to determine the temperature of a star? 
Very simply, P^irst, find the wavelength at which the continuous spec- 
trum from the star is brightest. Then divide this number into 29,000,000. 
The result will be the temperature. For example, if the peak wavelength 
was 4000 A, the temperature of the source must be 29,000,000/4000, 
of 7200° K. 
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TIh^ jxnik ol \\\r Planck funr for tlir sun is al ahoul WOO A, in iIk* 
^rrtMi pari dl llu^ s[MM lnnn. W'lial is ihr Iriiiprralurr ol \\u* sun? 

This hkmIkhI simmiis lii Ix^ a vrr\ easy way In find llic Irnipcmlure of a 
slur. Two i»||(Mi, li(j\vev(*r, lln* (l(Misily of llir rarllTs alinns|ilit-n* keeps us 
frnrn usin^' il. Slars nnieh hnlU^r llian lln^ sun have iheir hrij^hlesl wave- 
hMi^lhs far in the uhraviohM. The atmosphere ahsnrljs these wavehMij^lhs 
as they approach the earth's surface, aiul they flo not reach us. We 
cainiot ohserve the wavehMi^'ths a! which ho! stars have their j^rcalesl 
hri»ihlness. For these stars, we must rely on a hrij;htness ratio to 
(hMermine iheir lemperatures. 

I^lanek curves (M)ntain s(*veral clues which help us delermine the 
l<*mp<*raliire of tin* stars. We can (hMermine lemperatures from colors; 
\\r can (h^h^rmine l(*mperalures Iroin the peak of the curve. The follow- 
ing lal)h* ^ives souk* temperatures for stars detennined from these 
relationships. 



Star 


Temperature C°Kj 


betelgeuse 


3.000 


Barnard's Star 


3.000 


Capella 


6,000 


Sun 


6.000 


Sirius A 


12,000 


Sirius B 


12,000 


Spica 


20,000 




T 1 1 1 1 1 1 ll l lllll l l ll 

25000A 30000A 35000A 40000A 
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ON YOUR OWN 

Slars ill a (oiislrllaliim un^ cuimiikmiI y muiikmI willi ilm-k It^Uers. 
BrIoNv is a (lia»;rani of idiislellulian (Cassiopeia I KASS-(*r-nli- 
PEAmiIi). Also, in llir lahit* hrlow, ihr peak \vav(*leii»;lhs of eac h of 
ihe stars in this ( (uislellalioii. Usiii},' \Vieii\s law, fi},Mjre oat the 
teniperat\ire in (le»;rees Kelvin. Roaiid it (iff to the nearest lho\i- 
saiul (le«;rees. Copy (he tahle and till in the liiank spaces. 



Star in 
Cassiopeia 


Peak Wavelength 
(in Angstroms) 


Temperature (""K) 


IX (Alpha) 


5800 




13 (Beta) 


4100 




y (Gamma) 


1600 




6 (Delta) 


3400 




€ (Epsilon) 


1900 
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CHAPTER 6 

Trading Temperatures for Size 



Stars coiiimonly conic in pairs, Tlu^sc hi nary {\lYE-m\\\^\rr) stars ran he 
louiul in ^rcal nuinlKMs in all parts ofthr sky, Tlir two stars of a binary 
sysl(»in arc iisnally very close to^^cthcr. Tlu» nicnilxMs of a star-pair may 
l)c as close to each other as ihe earth is to the sun. Kor this reason the 
two stars attract each other with i^n^at force. Th(»y orhil each other 
endlessly. 

Most hinary stars appear only as a sin^^le star to the unaided eye. Only 
through binoculars and tidescopes do they show up as two stars. Mizar 
(MY-zar), in the bend of the handle of the Bi«^ Dipper, is a hinary. So is 
Alhireo (al BYE-rec-oh) in the constellation Cy«2;nus (SK^nuss) the Swan, 
A veiT interestinfj; hinary star is Antares (an-TARE-eez), the hrij^ht red 
star whi(di ai)f)ears in tlu^ constellation Scorpius (SCORE-pea-us). You 
can (»asily s(m» Antares in the southern sky duriii*^ the sunniier months. 

Antares docs not appear double to the unaided eye. But the telescope 
reveals that it has a faint blue companion star. Thus, Antares really 
consists of a very bri«^ht reddish star, the one you can see, plus a faint, 
hard-to-see blue companion. The red star is called Antares A; the otiier, 
Antares B. When astrononuMs determine the brit^htness ratios of these 
stars, they can find the temperature of each. The rechUsh star has a 
temperature of about 3()()()° K; the blue star is about 1 5,000° K. 



Antares — ^ 1 



f 
I 



SCORPIUS 



I 

I 

\ / 
• • 



58 



57 



An ijilt^rcslin^ farl is icvc^iilrd uIumi nvc mriisiirr llic iiv(»iiill l)!'i«;lilji(\s.s 
ol llicsc* iwn stars. Tlu^ cooIcn* owe is seiuliiif^ ns ahdul 10 liiiH^s ns imit*li 
radiation as (Ik^ hluisli uiks thnu<^li (lie hluisli star is liotttr'r. How 
(*aii vvi* account for this ohscMVationV Why docs the (M)()I star seiul us 
more ht;ht than [\w hot star? 

Dislaiicf con hi phiy a roh*. The farther away a rachatiiij^ body is, th(» 
h*ss lui^^ht it appears. Can An tares R really he far hehiiid, appeariii«5 
laiiit merely Ix^eause it is farther away than Antares A? The answer is 
no. Antares is a hinaiy star, and the two eoinpanions are eaeh at ahout 
the same distane(» from the earUi. Distiuiee eaniiol lie the ajiswer lo 
this hrit^htness \n\v:/.\i\ 

What else tloes a star's hri^^htness depend onV We know thai the hit;her 
the temperature of an ohjeel, the hrif^hler it shines. Reniemher that 
as you increase the temperature of a li|J(hl hid I), you increase liie 
radiation eniitled by the hull). How mu(th more radiation do you <ret 
when you double the temperature? 

(Careful measurerueiils show thai when you dovihle the temperature of a 
radialin*^ botly, 16 limes as ir ieh radialioi' eonies oul of die object 
ihront^li its surface. If you triple the lemperalnre, the objeel eiMils 81 
limes as much radiation. This means that 81 times as miien radiallou 
must come out llirouf^li ea<'li scpiare fool of the ohjecfs surfve. 



Temperature 
increases by 
a factor 
of 

1 


Radiation 
increases by 
a factor 
of 

1 


2 


16 


3 


81 


4 




5 


1 



The tabh» nhov(^ shows y»>!i a comparison between the radiation 
from a scpiare foot oi surface and llie leniperature. Cony the lahhj 
and fill in the blank spaces. To do this, vi m will have lo discover a 
rule that (lescril)es the relationship between the numbers. Here is 
a clue. What are thi* prime faclors of 16? Wijat are the prime 
factors of 81? 
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AslroMinmTif make ^Dud use ul the rchili(»ii.slu|) ihnl you liavi* luimd. 
Slurs ar(* radiating l)iMlics, Thr n»lali(Mislii|) .sliows how llir radiation 
Iroin cacli s(|narr/ fool of a sUiKs siirfaiM* idian^cs as we l(M)k al sUirs 
wilh dilTi rciil l»-iiil»rrahirrs. 




1 X 




81 X 




625 X 



OP'^^i^lilorss ralios show dial Aiilurrs A has a tiMapiMalure 013000° 
and ils hhu» companion has a iLMiipiTaMiri* ol 15,000°. How many 
limrs as lauch radialion coim-s from each srpiarc fool of ihc 
hoi star as from each sijuare foot of th(» cool star? 



temperature of 


= 3000^ 


Antares A 


temperature 


= 15,000^^ 


Antares B 


temperature of 


_ 5 X temperature 


Antares B 


of Antares A 


radiation from 


? X radiation 


1 square foot of 


= from 1 square foot 


Antares B 


of Antares A 



A sijuare foot of Anlare\s B cniils 625 limes as much radiation as a 
s<juare foot of Antares A, Yet cooler Antares A is the hri«^hler star. 
Ohviously, temperature cannot solve our hri«j;hlness puzzle. The 
lemperature difference does not explain how the cooler star (;an out- 
shine its hotter (rompanion. We must look for soniethin«j; else to solve 
the pu/zU\ 
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Antares B 



One square fool of blue-hot Antares B 
equals 625 square feet of red-cool Antares A. 



Antares A 



When yon look al a star, you see slarliglu eiuilled from all the square 
feet on ihe near side of the star. And the more square feel facing 
toward yon, the more slarliglil von will receive. 




surface of Antares A = 625 x surface of Antares B 



If we conid give cooler Antares A enongli scjuare feel of surface, we 
could nnike its total radiation add up to more than that of Antares B, 
regardless of the temperature difference. Here may he the answer to 
the puzzle. A stars hrighlness must also depend on its surface area. 
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SiipiHisc that the ivd slar iuu\ lh<* hliic sUir ol' Anlairs wcir (•(|iiiilly 
iHiirhi. I hnv wiuild ihr sin rnrr iiiviis uf ihc l\v(i slurs (hrii coinpan^V Kor 
(*a< li square fool nl Aiilarrs H, roni Aiilarrs A nrrds 025 s(|iiarc led 
Jiisl In shine as lui^^hlly. Thr siirfacc ol AnUnvs A wdiild have lo he 
(^25 liiiK's us lar<^r as die sjirlarc ol Anlnrrs l\. 



IF: radiation from 625 square radiation from 1 square 
feet of Antares A foot of Antares B 

AND: total radiation _ 40 x total radiation 

from Antares A from Antares B 

THEN: number of square _ 40 x 625 x number of 

feet of Antares A square feet of Antares B 



Siiuc die red slar is ai UiaMy iiiiich lu ij^hlcr— 10 limes as l)ri<r|ii die 
l)liie one— il iiuisl have an even lar<^er sinfaee lo (Mail so nnieh Ii<^hl. 
Lei's drleniiinr how imieli lar<^(M- Anlar<'s A is ihaii ils iaiiiUM* sisler slar. 



Antares B 




1 sq. ft. 

'40 of these big patches needed 
for every square foot of Antares B 



Vviuu your resuh, ean you U^ll how iUv diaiii(»l(M> of iIk* Iwo stars ('oni- 
piwr? 11 you doid)le the diainel(M- of a s|)h(»re, the surfaee hecoines lour 
liln(^s as large. Triph* diariieler and die suWaec* will have iiiin- limes 
as nuiny s(|uar(» feel. Suriae(» an»a inereas(\s with the s(|uar(» of the 
sph(M(»\s diaincaer, 
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Y(»n VL\i\ use this rule in reverse. II ihe siirfaee of one star is 2S 
limes as lai^^e as the surface ofaiiolluM' star, you eaii liiul oiU how 
the (haiiK^U^rs compare, \\1ial luimhcr limes ils( II' (Mjiuils 25V 
What il one star has .50 times as iniieh siirlaci* as another? 

Antaies A has 2. >,()()() times the siirfaec of Anlarcs B. I'rove that 
the (liainct(M- of Antan^s A mnst h(* ahoiit tinu's as huge as that 
o( its small hhie companion. 

ANTARES AND THE SUN 

How do the (lianjetei's of the Anlarc^s pair compare w ith the diameter of 
ihe sun, the star we know hcslV 

We were ahle to eonjparc* lh(* oihitin*,' Antar(\s companions with eacdj 
other hecanse di(\v arc practically at th(* same* distance IVomj die earth. 
To compai'c thein with the sini, we mnst ima«!;ine how the sun would 
appear if it were placed hcside thcuj. 

Antan^s is ahoiit [rn million tin^(^s as far from th(^ earth as is the siul H 
the sun were moved to a [)osilion hcside the* Antares pair, the inverse^ 
scpiarc law shows that it woidd (a(l(* to I / 1 (),0()0,0()0^ of its present 
hri^^htness. Without a t(desc()[)e, it wonid he lost from sight. In the 
l(deseope, Antares A woidd appear ahoul 6400 tiiiK.'s hrighler than its 
new sini eoiupanioii. 

W ith the sun and Antares at the same distance, only t(mif)erature and 
siz(" are h^t to ex[)lain why Antares A would outshine the sun. And 
sine(» .\ntan"s A\s temperature of .*iOOO° is only one-half the temperature 
of the sun, Anlarcs A must have a vastly larg(?r surface; than the sun. 
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IF: 2 X temperature of 
Antares A 



THEN: radiation from radiation from 
16 square feet of = 1 square foot 
Antares A of the sun 




Aiilarcs A w^mlil netui 16 limes as mufh surfnci^ j\isl U) us hiitrht as 
{\w s\in. Bill Anlnres A is m lually 6400 limes hri^'liler. So ihe suifnce of 
Anlares A iiuisl \w vasler slill. 



IF: 


the total radiation 


_ 6400 X total 




from Antares A 


radiation from the sun 


THEN: 


number of square 


_ 6400 X 16 X the number 




feet Antares A needs 


of square feet the sun has 



Willi i\ siirfat e ihis UU^, iht; iliamekM* u( Anlares A is i\\nm[ 320 limes 
as lar«^(^ as ihr iliaineler of* ihe s\in. Prove il. 



OTHER STARS 

A stars hrighiness depeiuLs on ils leinperaUire, size, and tlislance. The 
speelriiiii «jrives clues lo ils lemperalure. When ihe dislance is known, 
ihe inverse-scjuare law lells how hrighl ihe s»m would appear if il, loo, 
were al dial dislance. The slafs lemperalure and brightness give die 
clues It) die size of die slar compared wilh die sun- 
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star 


Temporature (V<) 


DIametor 


Brightness 






(comparod with sun) 


Betelgeuao 


3,000 


560 


20,000 


Antaros A 


3,000 


320 


6,400 


Barnard's Star 


3,000 


0,09 


0.0005 




•♦,uuu 


22 


100 


Capella 


6,000 


12 


150 


Sun 


6,000 


1 


1 


Sirius A 


12,000 


1.6 


25 


SIrius B 


12,000 


0.01 


0.0025 


Rigel 


12,000 


60 


64,000 


Spica 


12,000 


11 


1,600 



We Clin ohlaiii llu* sizrs and U'liiperuliires of many slars v\'i*n lliou^li 
ihey always appear as piiipoinls of Only llie sun can Ik? ,seeii as a 
disk, llic iii('ssa^(* ofslarlif^lil lias told us much ahoul die oilier slars. 




brightness equals 20,000 suns 

O 

Sun 
6000°K 

ON YOUR OWN 

Recall llie aelivily in wliicli you delennined llie lemperalures of 
die five slars in Cassiopeia. Refer lo "On Your Own" on paj^e 56. 
How mucli holler llian llie sun is Gamma Cassiopeiac* (KASS-ee-oli- 
!>KA-ee)? (;amnia\s peak waveieii«^lli is 1600 A. Use 6000'' K as die 
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sun's liMnpcnilin'r, iinw iiuirh mnv radinlion is (mihIIimI h\' tuwU 
s(|iiiii-(» \\){)\ nl' Oiuniiiirs siiii'iU'r lliMU hy (Mi(*h s(|iiiir(« Inol ni' Ihr 
suirsV Siiicr (miuuiwi is jihuiil MlOO liuirs ms hiiuinoiis lis \\\v sun, 
luhv niui'h ninrr siu'fiici* luvn niiisl il I'^iMiilly, husv dn Ihrir 

(liimh'lcrs iMiiuiwncV 



Star 


sun 


Gamma Cassiopoiae 


Temperature C'K) 


6000 




Temperature (sun ^ 1) 


1 




Radiation for each sq. ft. fpj 


1 




Total Briqfitness 


1 


8100 


Surface Area (sun = 1) 


1 




Diameter (sun = 1) 


1 
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CHAPTER 7 



Emission Lines 



'I1h' lif^lil ul' a slur can reveal ccrlain iniornialion al>(>iit iu Kww il' a 
siar is luiiulreds or ihoiisands of lip^lii-yoars asvay, yon can lind ils 
IciniX'raturc l>y cxaiaioin^ (MHitiiurous spoolruin. 11' yoa can also 
(IrlcrnuMc ils (lislaiioc, yon can learn ils si/.i^ 

^'oM n(H'(l lo know more hd'orc you can paint a dclaiU^d portrait ol' tla^ 
stars. From the (M)ntiniH>ns spectrnni, can yon learn what a star is 
made ol? 

several solids to nse as sources of I i«i;lu — perhaps a paper 
clip, a strip of coppcM* wire, and n pieet* of steel wire. Make each 
of thes(» ohjecls Inniinons hy holdin*; it in tlu* flame ol a f^as hnrner. 
Llaeh ohject (Miiits a speclnnn. Examine the spectra earcl'nily. Are 
the spectra lonned hy these metals diffcMcnt IVoin the spectra 
lornied hy li«i;ht hulhs? Are they difTcrent IVom one another? 




The eontiiinons spectrnin (uuinot reveal what a source is made of. The 
appearance of the continuous spectrum of any ol)je(!t depends only on 
the ohject's temperatur(»-- not on the material in the object. So you 
must look for another line of reasoinn»]; in order to find out what suh- 
stances make up a star. 
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TUrw iwv kiMiwii ('hciniriil clniUMilri. Some of llicin — hdcli as ir(»n, 
hilv<T, und sodiiiMi — iiiv solids, Olhrrs — such ns hydrof^cii, hrliiuiK 
Miliof;('n, and i)s\>u*M — arc ^asrs. on can clianfM' solid sodium inio a 
f;ns wid) Itlllo IrtMiMo. All \on hn\o (o do is lann sail, uliioh is a rotn" 
pnnnd ol' sodium nnd chlorine. Iron can he \ apori/cd — chanf),c(| lo a 
f;ns-ir soil can f-cl il hot cnon^^h, Perhaps die characlcrisiit's ol an 
cicmcnl mi^lil he more apparent if s\c csamine its spiM-lrnm wIkmi il is 
in f^ascons lalher than in solid form. To study such a speelrnnu \nn 
need a speclroscope. Mere is how yon can hnihl one. 

( in I a onc-iuch-h<piarc hole in the center ol" each end ol' a shoehnx, 
Uolh opeMin»is slioidd \\r the sauu' distance IViUU the upper ed^(». 
Tape a «;ralin«i inside the ho\ over one ol' the hoh«s, with the ^ratin^ 
lines nnmiuf^ up and down, so thai spectra arc roiiucd IVoin side to 
hide, Tiic <lireciion of the »iratin«i lines can he detcrmin<Ml hv 
looking at a lii;lil source through the •^ratin^. 

Make a momilin^^ ol' a Iwo-incli-square piece ol' rardhoard. (aU a 
verlicnl slot in it one-roinlh inch wide hy t)ne inch h)M»;. Tapt* a 
sin«;l(»-e(l«re ra/.or l)lad(» on om(» side ol' the vcilical slit so (hat its 
nh^r is paralh»l with tin* slit. Cm n strip I'rom an index ami Mold 




il upri^^lu a<^iiinsl the* lapi^d hindi*, mid tape auollier hiade as 
rl()S(dy to tli(» strip as possihh* to niak(» tlu» op(Miin<^ l)(»tw(»en tlu» 
hiadcs iiariow and parallel. Use oan» in handlin?^ tin* nr/or hiades. 
HeMno\'(» Ihe-strip of card and tape tli(» cntranci* slit insiih* the hox. 
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I'ainl llic inside of llic hox flal hlack willi IcnifU'ra paint to cul 
clown on ivfleclioiis. (^Iicck your speclroscope l>y lookinj^ al a 
li^lil hull). Do you svv a conlinuous spoclnuny Nolicc wIum'c iIk* 
s|)(»clruin occurs in relation to llu* enlraiice slit. 

Now make several eheinical holders ("or your s[)eelroseo|)e. Kirsl 
slrai^diten a lari^e paper clip. 'I'wist one end into a eireular loop 
iisiiii,^ needle-nose pliers, h'oree the other end into a eork. 




Set up several speehoseopes around a ^as llanie*, as shown in die 
ilhislialion helow. Adjust tlieni so dial the lij^ht enters tin* ver- 
tical slits as you look throu^Hi them. 




Vaporize some common salt in the (lame. Dip the loop of the 
chemical h(ihler into some water and then into some salt. A hit 
ol" salt will stick to the wire. Hold the loop in the llame while 
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some..,, carefully examine. .J,e s,K....nun of .l.e va,...n.e.l sal. 
{5ii.s (liflor In.in thai ..l a s..li.|y Itcmni ..I a 

Th. sp...nu.. ..|,s..,.v.. i„ ,1... „,.„.. i, ,,,,,, ^ 
" '• I'-s an. really inu.,.. of ,1,. sli.. I,' vou ,„ak.. „,.. sli. J 

><>U K'[)UiC('(| 111,. sniOol 1 S I Wilh ., vurir...\ . I '''' 

'■'>™t „. ,,■„,,. „„, „,,„,.„;:;,, 

:;r':'' "i'-' " u,,. H,....n : 

llwl Makes llu. Iifrl, I appear Ihal way. ' 

. .M. ,l,e ..l|.,w,M, ..|u.,„i...| ,..„„p„u„.|s if V..U .-a,, ..hu.in 

.•...Mp,.„„.ls p.-rmil y.,u I., ol.serve ll,,- s,.eelr, ..C .1 • 

. appear. I.s. a .s.,,ara.e h..|.,..,. .,,,..„.,,^,, ,,,,,, ; 

-.Y'-< -u. un,ili, ,|....s. .hen.lipi, in .he el,.......,. ' 

^f^-n while .s..„u...„e .>l..serve.s ,he ,spe..,ru„ 
—.1. spee,ro.se..,.e.. Ke.....r.l ,1,.. 

ol.serv.'.l l..r caeh .■heini.'al. 




<-!<'n.en.s have u|..n.i..al palL-nus .,f hri^h, |i, J. ' ' 

When y..., h..|.| a s„i,s,a„..e in ,he (lan.e ..l a gas l.un.er, ,he sul.s.,nee 
a s up n.el,s. and U.en vap.,rixes. A,.,.„,s of ,h. .s.|..s, nee I 

the h,„ ,a.s the ,lan,e. The.se a.o.ns ra.lia.e li,h. ..C in 
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lijrl,, ,,ass.-s l..-tw.M. tlu- razor l.la.los. lliroUfili lli<- jiratin-. a.ul inU. 

ll sliows voii llif iinii|iic emission line spectrum ol tiial 



Vdur ey<'f 
kind of atom. 



Ti,<- speeiai selection of wavelenjitlis .'mitted i.v eaei, gas is eiunaeter- 
Istie of tiu.t i.mtienlm- .■ieim-nt. Scientists i.ave vaporize.! many ele- 
„u-nts nn.i piiotograpl.e.! ti.eir spectra. Tile uni.iu<> patterns ..I in.es lor 
,|,.-se clenu-nts have l.c.-n carelnlly eluute.l. To lin.l what elements a 
...Mlain sni.stance is made of. s.M.-ntists n.-ed only to vaporize .t and 
make it glow. Then I.v comparinji its emission 'ines to those ol known 
,.h.,nents. thev can identify all of the elements in the sMl.stau.-.-. Spec- 
tral linucrprin'ting is an important way to analyze materials on earth. 




ASTRONOMICAL EMISSION LINES 

We cannot take a pic^e of the snn. or a comet, or Mars a.ul vapo.-ize 
i, in „„,-elass.-oo.„ to deteri.,i.,<- what elc.ents a.e i.. each. Ast.-o...m,e.-s 
,„„st ".M their iufoi-mation f.om the lijiht these ohjects sen.l onl. 1 hey 
|„„k For celestial ohjc^ts that show .-.nissio., li.ies. The. they .'an 
(lete.-.nine the ele..)eiits in those ohjeets. 

1„ ,!„■ winter co.,stcllation of O.-inn. the .-cfiio., ..ear the ...iddle star 
of (),io.,-s SWO.-.I is of special i.,te.est to asl.o..o..,e.-.s. I'hotof^.-aph.s 
take., th.-o,.j;h telescopes show a hrif^ht. L.zzy patch .s...ro.....h..f^ a ^. onp 
.,, hot hh.isl. sta.-s. The pat. h is called the O.-io.. Nehula (NKB-y"'-!"!')- 
The spectn.m of the O. inn Nel.nla contai.,s a ...iml.cr ..I em.ss.o., h.,es. 
The.elo.-e. the ...■h.da can.mt he a soli.l: it .n..st l.c a j^.eat .•Im.-l ol 
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Iiol g;as, emitting light. The lines in the spectrum show that the light is 
coming from atoms of hydrogen, oxygen, and several other elements. The 
gas is heated by the nearby hot blue stars. 

There are many other bright., cloudlike regions, call(»d nebulae (NEB- 
you-b-e), visible in the sky. "iheir true nature ballled astronomers until 
a vL'^itury ago when William Huggins of England examined them with a 
s|)ectroscope. His discovery that the spectra of these nebulae had 
emission lines solved the problem of the nebulae. 




There are many other objects in the sky that show emission spectra. 
The Northern Lights show emission lines of hydrogen, oxygen, and 
nitrogen. We know, therefore, that high in our atmosphere these kinds 
of atoms are radiating as a gas. 

The spectra of mosi comets show emission lines, and so we know that 
at least part of a comet is gaseous. It is possible to identify the kinds 
of elements present in comets. The lines show the presence of carbon, 
nitrogen, carbon monoxide, and other molecules. 

As meteroids enter the earth's atmosphere at high speeds, friction 
quickly heats and vaporizes them. They streak across the sky in a 
Hash of light and are gone in a second or two. Astronomers have ob- 
tained a few spectra of meteors. Each spectrum shows emission lines. 

In the spectra of meteors, the emission lines of iron, calcium, silicon, 
sodium, and other elements are found. The chemical elements making 
up these celestial visitors are the same elements we know on earth. 
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ON YOUR OWN 

^^Use the shoebox spectroscope to s(iarch for emiss:i/ii lines. Look 
at the spectra of fluorescent lights, mercuiy arc street lights, 
neon signs, and so on. Where do you find the strongest lines? 
Record youi obsei'vations. 




Spectroscopic analysis of glowing comets enables astronomers 

to determine their composition. 

The heat of the sun vaporizes the outer layers of 

the solid head, and the gaseous tail 

streams out in the direction opposite the sun. 
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CHAPTER 8 

Atoms and Light 



Solid hot ol)j(»cls radiate a continiions sjx^ctnnii. Hot '^astvs radiate* at 
('(Mlaiii dclinitr \vav(d(Mi^tlis only. Why aro tlit^v so dilTcMtMit? lutlrod, 
why (h) hot things have spt»ctra anyway? To find the aiisvvcMs to ((uestioius 
like these, we have to to the heart oftln* matter — to the atom. 



AN ATOM MODEL 

We have used two inodeks previously to explain some of the behaviors 
of light — a wave model and a particle model. Now lei us study an atom 
model that (k)es a good joh of explaining how atoms radiate light. This 
model was first eoneeived hy tin* Danish physieist Niels Bohr (NEELS 
HOFU]) t»arlv in this eentiuy. 



solar system /' 

' / ' ' — planetary orbits 

^ " ' ' ^. 
electrony'" ] 

! , ^'"^ nucleus 
' neutron 



Imagine that an atom looks somewhat like the solar system. In the 
solar system the planets move in orhits about a central object — the 
sun. The atom model has two essential parts — a nucleus al the center 
and objects moving in orbits around the nucleus. In the model there 
are three basic? particles: protons, neutrons, and electrons. The nucleus 
C(»ntains the [)rotons and neutrons. The electrons move in orbits around 
the nucleus. 
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Nuclear forces are so slronj^ that tliey keej) the [irotons and neutrons 
|)acke(l together very ti^'htly. T'lt- *>»l^ilinfJi elec^lrons are attracted to 
the nucleus l)y cle(4ri( al forces. 

Kach |)roton carries a |)ositive (»h»ctric charjiie. The strength of this 
charge is always the same for every proton. A luMitron is neutral; it has 
no t»lt»ctric cliar«^e. An electron carries a nej^ative char«^e e(|ual in 
strength to the |)ositive cliar^(» of a i)roton. In any normal atom, there 
are as many ne^^atively cliar«;(»(l t»le(4rons in orhit as there are positively 
chart^t'd |)rotons in the miclens. There is no net charfi;e. The atom is 
neutral. 

PROTON positive 
NEUTRON neutral 
ELECTRON negative 

You havt* found that no two elements radiate in the same wavelcMifzitli 
pattern. Similarly, the atoms of each element iwv different from the 
atoms of every other element. A hydrogen atom is different from a 
helinni atom and from t^very other kind of atom. Hydn)*z;en atoms have 
llu^ simplest nucleus of all— one proton. In orhit around the proton is 
one electron. The positive charge of the proton exactly halances llie 
nej^alivi^ char^^^ of the electron. If you had a halloon full of hydrogen 
«;as, it woid(hrt he charged at all. 

Now |)ut to«^(4lnM- an atom that isn't so simple. Comhine two protons 
with two neutrons to make the nucleus. Two electrons are needed in 
orbits around the nucleus so that the atom will he neutral. The atom 
yon have made is hcliinn. 




helium 



© 

o 

0 
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A ruMilral alorii vvilli [\uvc (^IcM'trons in inolion aronrul llie niKjIriis is 
callfd lilhiurii. How many protons iuv in ils mucIcus? Most liUiiiim 
iiloms conlain loin- ficnlrons in {\w nucli^ns, l)n( sonic liave only llinr. 
A lithiinn nuclc^ns, lIuM-clorc, conUiins a loUil ol" six or seven pnrlieles, 

TIh' inieleiis of a nenlral alom of t^old has 197 parlieles, and I I» of 
llu'se are neiilron^ low many prolons and eleelrons are lliere in 
ihe aloniV 

Kike die solar sysleni, a liydr()<ren alotn is inosdy eniplv space. Mow 
cinply is dial? Lei a inarMe n^presenl [he nueleus of^ilie hydro^^cMi 
iiloni. On diis scale llie sin^^le eleelron would he die heller pari of a 




?nih> away. In llie real hydrogen atom, ihe (deelron is usually oneduiir 
an Aii^islroni away from llie prolon — oidy Iwo-hillionllis of an inch. Il 
is iiol surprisint^ dial you cannol see an aloin. 




Ili(* eleelrons niovin*^ ahoul a nuehuis are airan^^ed in ordeily od)ils. 

Like ihe plancls circlin^^ llic sun, sonic cle<'trons ciiele ihe nuehnis at 
grealei' dislanees llian olher elecli'ons. Th(* eleelrieal pull ol' the nu(.'leLis 
on close eh^ lrons is slron^^; ils hold on niore dislant eleelrons is 
vv(*aker. 

TUrw are dilTerericciS h(;lvve(»u iUr sliuelure of an aloni and lhal of die 
solar sysleni. One (lillercMce is lhal the oihils ol" lli(» planets are all 
ncai'ly in lh(» sanu* plane, hut the eleelron orhils in inosl atoms are not. 
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Tlim» is oiu' major diflerciu c* llui! is iUv key lo liow liglil is honi in an 
aloiii. Iti {\\v st)lar sysU»m a |)la!u»l slays in llie sanu* orhil vvvu afler 
l)illi()ns ol years. Bui ilu* (»U»('tro!is in an alnm can jutnp inU) diffWenl 
orl)ils innl lIuMi l)a('k a^^ain. In lat U lln^y are doinj^ so conslanlly in any 
^as llial is rniillin^ li^lil. 

A HYDROGEN MODEL THAT RADIATES 

Sinc(» h\<lro^(Mi is llu* sini[)lesl of all aloins, l(»l ns conctMilrale on a 
model lor liytlroj^eti. nni linis ol llie hydrogen aloni lias otie |)roloii, 
and, lo eoinpleU* lli(» uloin, one elc^ lron is in orhil ahonl llie nucleus. 
Tli(» sniallesl orbil iluil llu* i^liM lroii c^an follow is a circle ahonl liall 
an Anj^slrotn in radius. Call lliis |)alli llie innennosl orbil. bi only a 
niillionlli ol a second llie eleelron cireb^s ibc nucleus billions ol limes. 
Hul il always slays in llie inm^rinosl orbil unless llut alom is dislurlxMl 
ill SOUK* way. 

WIkmi iIk* eleelron is tnoviuj^ in any orbil (;xt:epl llie iimermosU the 
aloni is said lo Ix* exciU^d. How does an alom trel exeiled? Remember 
.ibal llie posilive |)rolon and llie negalive eleiaron are [)ullinj;; on each 
oilier. 11 an eleelron niove^^ lo a bij;^;^^' orbil, il musl soineliuw have 
l)een pushed or pulled oulward. The el(M!lron musl ^ixiu some energy if 
it is lo move in a larger oH)il. 




riie m^aresl orbil llu- eh^cMon can jnmp lo is four limes as large as iUtt 
inm^rniosl orbil. TIk^ riexl is nine? limits as largcs llie nexl is sixteen 
times, ami so on. TIkmc is no end lo lln^ number of |)ossil)le orbits. But 
notice thai lh(^ spaeings obey definiu* rules. Tlutn? is no orbit that is 3.9 
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tiriitvs as lar<;e as lht» iiiiieiiuosl orbit nv oven 3.95; the second orbit is 
exactly 4 tiiiu^s as lar^e as th(* smallest orbit. Sin(?e only orbits of a 
certain size are allowed accordin*r to the rules of tln^ game, only an 
exact amount ol' energy can be gained by the electron as it moves out 
Irorii one orbit to anotlier. 

What ha|)|)(»ns alter the electron gains or absorbs som(» (Miergy and 
moves out to a bigger orbit? It inuuediat(»ly jumps back to (he inner- 
most orbit, it stays in [\w biggtM* orbit lor only a small part of a millionth 
ol a se(»ond. 

What is the (»onne(»tion bet\v(»en emission lines and the (deetron jumps 
in an atom? Just this: When the eleetn^i moves IVom a bigger orbit to a 
smaller orbit, it loses the tMiergy it had gained. This energy is released 
as a sintrle bundle of energy — as a tiny burst of light. The little bundle 
ol light ItMves the sc(»ne at iUr same time the electron is jumping inward 
toward the smalh^st orbit. The bundlf of lijrlu i|u» atom radiates is also 
a bundh* of (»nergy. Tin* buiulle acts Wkr a partictle and is calh^d a 
photon (FOK-tahn), A [)hoton is a small partiide of light or energy. 




When wr [)icture iJohr's model of the atom, wc are doing a sort of about- 
lace. Previously we hav(^ (uu[)hasized tin* wave mod(d of light. To ac- 
count lor the int(»rrerenc(M)r light going through two piidu)les, the wave 
model work(^d hriU^w Ikit to explain tlu^ radiation of light with the Rohr 
mod(d, the parti(de model of light works Ix^ter. We think ol' photons as 
moving particdes ol' light. 
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H li^lil is [)h()U)ns slreakiuf^ oul ol alouis, wlial is llie iiieaiiiu*^ of wavo 
lenj^lli in [\w Bohr model? Eaoli lime llie election in onr liydfo^en aloni 
juni|)s inward from die third orhit to the se(*on(l orhit, a photon is 
emitted. The s[)eelroseo[)e wonid dele(rt these [)h(3tons as red li^hl with 
a wavelength ol 656.'i An<j;stroms. This waveleri^lli is in tln^ retl [)art 
ol th(» speelrum. Many sneh [)hotons are emitted in all direelions hy hot 
liydro«j;en. 11 enough struck yonr eyes eaeh seeond, yon would see red 
li^ht. in a s[)e(troseo[)e yon won Id see the i(*d s[)eetrum line ol 
hy(lro«;en. 



orbit jump 3 to 2 




4000A 5000A 6000A 7000A 



KeineinixT that th(» wav(^ model and the partiele model are only con- 
venient ways to think ahoiit some of the Ixdiaviors of li^ht. Some of 
th(" things li^iit does are the saint^ thinj!;s we ohserve waves to do; 
olhtM' heliaviors of li<;lit are moie like the hehaviors of [)artiel(\s. But 
neiti,er tlu^ wave model alone nor the [)artiele model alone ean tell the 
whole story. ThtM'elorts to save Nvords, we will s[)eak ol [)liotons as il 
llu*y had wavelen^th.s. 



orbit jump 4 to 2 




4000A 5000A 6000A 7000A 



llydroj^en emits [)hotons of other wav(^lenj;tlis, too. When an electron 
jnm[)s IVotn the foinlh orhit straij;ht down to tln^ setrond orhit, ont ^^oes 
a [)hotoii of waveleiij;th 4861 A in the l)lue-^ree»i [)art Of the s[)eetruni. 

Thei'e ai*e a mimher ol ways the i^lei^tron eaii return to tlu^ innermost 
orhit. Think ol .an tdee'tron that has just <!;ai!ied enough tMier<;y to move 
ont to the Fourth orhit. Tlurre are lour ways lor the electron to <;o from 
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tlie rourlh orhil to the first. There is only one way to go from tlie second 
to the first orhit. How many ways from the fiftli to the firsl? 




If the ehnMron j^oes from the fourth orhil to the innermost orhil in one 
jninp, il will emit a pholon of enerj^y. If il stops momentarily al hoth 
the third and seeond orbits, it will emit three photons of light. The 
Slim total of the t^nergy of these three photons will he exactly die same 
as the energy in the one pholon emitted hy a foiir-to-one jump. 




long wavelength 
photon 



The wavelengths of the photons emitted hy a hydrogen atom depend 
on the entMgy of the photons. A high-energy f)hoton has a short wave- 
length. A low-energy proton has a long wavelength. In the hydrogen 
atom we have seen that there are only certain permissihie orhils. To 
move from one ol these orhils to another, oidy a (^ertain definite amoiiiil 



So 
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of (Micr^^y is itivolvcd. Thai is why only torliiiii (hniiiili* wavek»ii«!;lhs 
Liiv tMiiilt(»(l l)y ihc hviho^cii i\U)u\. A hviho^cii atom caiuK*! ctiiil y(?lh)\v 
li<ihl h(Maiisi' it has tio pair oforhils with llw cornel energy separation. 

Wrrr arc soiiu* ch'clroii jiiinps and \vav('h'M«i;tlis emitted hy the hy- 
(ho»i;en atom: 



Wavelength 



6563 A 
4861 A 
4340 A 
4102 A 
3970 A 



Color 
no photon 
red 
green 
blue 
violet 

9 



Electron Jumps 

2 to 2 

3 to 2 

4 to 2 

5 to 2 

6 to 2 

7 to 2 




3000A 4000A 5000A 6000A 7000A 



Bohr's mo(l(d of tiu* hydrogen atom is V(»ry usdul. Il predicts the wave- 
le!)>!:tlis that hydro>!;(Mi iMiiits, and th(;s(» wav(d(Mi^ths an* exactly those 
()hs(Mved in the spcM tra ol hydrot^en. Thus Hohr's iiiodijl is used ire- 
(pieiitly hy scientists. 



EXCITEMENT 

How do we •!;et tht* atoms of a ^as (^xeited in the first placi*? Mow do we 
^ivc the atotMs (Mum'^v so that th(* (di?etrons can move* to out(?r orhits? 

^ on hav(» prohahly sccmi an cxptMiuient in which a halloon is pnt in a 
relri»!:(*rat()r. Alter a short time tin* halloon shrinks in the cold. What 
happens? The halloon is kept inflated hy the contiimal push ol tnole- 
culcs against the inside siniace ol the halloon. 'fhc moUMrules are 
always in motion, and tliiMr constant han^in^ against the inside k(*eps 
the halloon pressed ontward. 
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The .speed of the riioleeules depends on ci.!"^ retupenituie of the g«s 
When you talk about llie Icniperalurc of j ..'i,?, vou art? roallv lalkiii*^ 
al)oul the s\wvx\ al wliicli [\w luolecuk ? of the ^as are nti>>iai^. T\w 
panicles arc in rapid luolioii. TUvy liit each other as well as iUt walls 
ol ihc eoiilaiiicr. hi a relVigeralor the «j;as is cooler and the mole(!uIes 
an* not iu such rapid iiiolioii. Heiiee llie l)allooii shrinks. If we were to 
heat the halloou, the molecules would !iiove faster. Eaeli one would 
hit inside surfac(» harder and nior(M)ften. The halloon would expand. 

Iiua»];ine heatinjj: hydro«;en in a haMoon to a hi»;h temperature. The 
atoms move ahout even faster. They hit the inner surface of the balloon 
and also each other, harder and harder. In one of these collisions an 
el(»etron ol one of the atoms may be bumped outward to a bigger orbit. 
The energy the electron needs to move to this larger orbit is obtained 
from llie motion energy of the other atom. The harder or more energetic 
the collision, the farther out the electron can move. The collision is 
uetMled so that the em-rgy of motion of one atom can be transferred to 
i\w electron of the other atom. This is one way of exciting an atom — by 
collision with another atom. It is called collisional excitation. 

A hot mass of gas consists of (jountless numbers of atoms. At any instant 
there are umpteen atoms that have just been excited and now have 
electrons jumping from outer orbits to inner ones. Photons are speeding 
out from these jumps in all directions. 

Perhaps now you (ran see why it is necessary to heat a gas before it 
can emit light. Ordinarily, in gases such as in the atmosphere in a 
room, the (Collisions are not energetic enough to excite the atoms. If 
\\\v ehM.'trons always stay in their innermost orbits, the atom cannot 
emit. Tln^ atoms of the room's atmosphere do not emit light because the 
electrons in tin* atoms are all in their innermost orbits. 



OTHER ATOMS 

The Bohr model of the atom works very well for hydrogen. But what 
about other elements? Their atoms have more electrons than hydrogen 
does, and the ele(?trons move in a greater variety of orbits. The picture 
is more complicated. 

In complicated atoms the electrons in the far-out orbits must be at- 
tracted very feebly compared w^ith those occupying orbits close to the 
nucleus. It is these outer electrons that change orbits to produce the 
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sprM lruin. These ouUt eleclrons have iheir (iwii iiiiitMinosl urhiis. There 
are olher eleelroiis in orhils ehiser lu ihe inu hMis, hut ihe niiler ehn- 
Irons ciuuinl »^el inU» these orhlLs. When hvo aloiiis eullide, ihe uiiler- 
innsU h^jsely heh! ehM-lnni.- are ihe ones lhal *;el hnnifjerl oiU lo even 
hi»^^er orhils. Tht* aliwns raihiUe wlien ihest* eh^-lrons jump hack 

ill U> iheir own sniaHesl orlnls. 




Outer p.lecUons make jumps in outer orbits only. 



Now yoii can see wliy (*aeli ^as lias a dislinelive sf>ei!lnnn. The onler- 
niosl eleelrons ni a sodium alc^ni oeeupy orhils (juile differenl from ihose 
l)(*l()n*^in^ lo a eah'liun aloni. Thus ihe speelrum of so(hiiin differs from 
tliat ol calciiun. DiiicMeiil wavehMi^lhs of li^hl escape when ihe ouler- 
nujst (^leelrons in (hff(T(Mil eh^nenls jump inward. Each eh^iienl has ils 
own unifpie pallerii of spcn'lral lines. 

Tlu^ uior(* you heal a *^as, ihe fasler ils alonis fly ahouU am] ihe more 
vi^M>n)nslN they collide wilh each oIIkm*. More aloins (collide hard 
enoni^h so lhal eieclrons are jollerl lo oiiI(m* orbils. The holler ihe »j;as, 
ihe t^real(M' ixrv [hr ruinihcM* of exciled alonis. The ^as ^hjws more 
hri|!;lilly hecausc^ more atoms have an eleelron lhal is jumping hack inlo 
a snialliM* orhil. I^ul ihe uavelen*^llis of ihe pholoiis emilled hy llie aloms 
arc jiisl lh(^ same as lh(^\' are when the gas is cooler. The pallern of 
p(jssihh^ Hnt^s is always llie sanus wherever and whenever a particular 
»;as is radialin*^. 




CONTINUOUS SPECTRA AGAIN 



Nnw you liavf i\ inndrl nf an atoin tliat can ra<lialc. So far, lliis iiiodrl 
applifs (inl\ to ahims in a <ias. \nu kiitnv llial solid liodifs arr \ULn\r of 
alonis also. Whs dors a solid <iivc a roiiliniioiis spcclrnm wliiN* a »!;as 
<ii\t\s only lint*>? Do we lia\c to al)and(in our model to oxplaiii dn* 
sprrlra of solids? 




lo undorsland die answer, we rniist coniparo dir srparalion of alonis in 
a j^Ms and in a solid. In a j^as dio alonis llv alioul and sonictinies collide. 
During die atonrs llij^lil ils iieii^lihors have no indn^'iiee on it. Mosl of 
tile lime it mov«'s in i'vrr (lijilit — as tlionjili no oilier atoms were aronnd. 
Only n small pari of the alonTs life is spent in collision w illi other atoms. 




An atom in a solid htxly, however, leads a much dilTenMil kind ol' life. 
It is never li'ce oi closely packed neijilihors as they press aj^ainst it 
from every side. The onternm-l electrons of an atom in a solid are 
almost as close to tlie miclei * i several nei»;lil)orin<i atoms as lli(*v are 
to Ihe nuclens of their own atom. 

W hat happens as a coMS(M|nence of this crowded condilionV An outer- 
most electron is pulled l)y the (declrical forces of these nei<ilil)orin<i 
atoms as wt^ll as hy ils own nnclens. So the orhil separations which 
determine liow the electron can Jnmp can no lonj^cr follow^ definite laws. 

W ith no deiinite orhils, an atom is no longer confiiKMl to radialiii*^ a 
definite set of w avelcn<illis. It can radiati* any one of a varielv of 
wavelenjitlis h.eeaiise a variety of orbits is possible. At any «;iven 
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inonienU llie hillinns of aloriis in a solid a\t* euiilliiii; billions of differ- 
(»nl \vavt*leni;llis, Heiice ihe solid liudy radialrs a conliiiuous speclnini, 

A CONTINUOUS SPECTRUM FROM GAS 

Is it |)ossihli' for a ^as lo radiate a conliiiuous speelruin us a liol solid 
does? In a rup;*fie(l gas, as we have seen, ihe atoms are far enough apart 
so thai an outermost electron of one of ihein owes its electrical alle- 
giance lo its own atom almost all the lime. But think of compressing this 
gas into a much smaller volume. The atoms move about in a smaller 
space; the gas is denser than before. An outermost electron feels con- 
stantly changing pulls as neighbcjring atoms continually pass near it. 
The orbits of the harassed electrons are continually being altered be- 




gas at iow pressure gas at high pressure 



cause of passing neiglibors. Thus the electrons can make jumps that are 
bigger or smaller than usual. They emit photons of many different wave- 
liMigths. This variety of wavelengths means a color spread rather than a 
neat emission line of one sharp wavelength. The more a gas i.^ i^om- 
pressed, the more the atoms disturb one another. The compressed gas 
begins to radiate a c(»itinuous spectrum just as a glowing solid does. 

\a'{ us sununarize the ways that light and radiating bodies behave. 
First, a hoi gas radiates an emission line spectrum when tlie pressure 
is very low. Second, if a hot gas is (ompressed, it radiates a continuous 
spectrum. .A solid radiates a continuous spectrum also. These ruh^s 
abtiut ladiaJjon were first (orniu luted by the physicist Rob(»rt Kirchboff 
(KIHK-liofl 1 in ihe nineU^euth centur\'. 

STARS AND THE CONTINUOUS SPECTRUM 

We have already u.sed the continuous spec^trum to find the temperatures 
of stars. Now we src lliat the conlinu(JUs spectrum contains another clue 
about the radiating ^Ilar mal(M ial: a star must be either a hot solid or 
a hot compressed gas. Kveu as recently as the begiiming of this century, 
astronomers wen* still not sure which was the case. Today, however, all 
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aslroiiuiiu'rs u^^nv (lial i\w conliinnis spt^elruiii ul' {\w slais (•oIn(^s IVoni 
r()iii|iresst*(l ^as. The stars an* simply hxj liol lo he solid IxKlies. 

Our luiderslaiidinj; of llie way riialerials nidiale eiiahlr- us U> read more 
(>r die iiies:ui[;(* ot sUidi»;lil. N(»\v we can see duU it is [)ossihle lor die 
sun, or ariv star, lo ht* eiilirely j;aseous and yel radiale a eonliiuioiis 
speelruiii. 



ON YOUR OWN 



[^P Seieiilisls ose ,*erlaiii syiiihols lo deserihe llie miniher of parlieles 
in an aloni. For example, 2l l(*'* n^presenls an aloni of helium. 



'flu* snlt)srri;>i is ealled 
!ie tiio*>iu' nufuhm it ' 
slu)U> flow many pio- 
Ur^< are in the iiMt lcnis. 



\ 



The superscript shows 
ihe Slim of neiilrons 
phis prolons in llie 
niicleiis. 



The lellers are the synihol for 
the element. 



This '.vsit^n is called atomiv nolation. Now, co()v die following 



Ixii'if and fill ill the hlunk sp:u'-es. 



Ehment 
i 


LitiMum 
lU) 


Oxygen 
, (0) 


Sulfur 
(S, 


1 Chromium 
(Cr) 


Zinc 
(Zn) 


Lead 
(Pb) 


Protons 


3 


8 




24 






Neutrons 


4 


8 


16 






125 


EIe:^trons 


3 










Atomic 
Numbrir 


3 












Protcr.j -h 


7 




32 


52 




207 


A(o>'nic 
Noistlon 










3oZn65 
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CHAPTER 9 

Stars and Stripes 



Tlic Holir mhhIcI ln'l|» you \o iiin Icrslaiid liow alfiins of lint •^ascs •;ivi* 
nil W'Ikmi llic ah)ins ari^ packi^l closely io«;(MlitM% llit^y radiate 

only cerlaiii Wtivrlcn^llis. An iMiiission line sprclniiii is seen. Voii can 
idciilily die clciiiciils in the ^as fnini llic l)ri';hl-liiic pallcni in the 
speclriiiiL 



4HIP' 

spectral fingerprint 




111 a slar in wliicli tlie alonis of die j^as are pn ^ed elos^* lo'^etlier, no 
tMnission lines an* setMi. The slar speclrnin rescnihics llial of a ^lowinj^ 
solid — a eonliiiiioiis speetrmn. It has all the colors — like a rainhow. If 
an astroMonuM' is to idcMitily tin* clenienis of which a star is made, he 
ninst search lor other chics in die n>v'ssa^e of starlight. Let's start hy 
(^xaniinin*; tin* spectrum ofOur ncan^st star— the sun. 



THE SUN S SPECTRUM 

Place an H X lO-ineli [laiie of <^lass on two hooks. Lay a sheet of 
hiack c()!istruction paper nn(l(*r the •ilass to ahsorh some of the 
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^larc (if Posiliori (lir (•(|nipiiiru( in rcllccl ihc iinaf;c \)\' 

sun MS it (MHne*s lhrnii«;h Ihcclassinom wiiuKjw •;luss. TUr piirpos* 
c»r lliis amui«;('inciil is to irdiicc the li^lil lum (hi> siiii, wliicli is 
luiich tiM) l)ri';lit In hr ohsrivrd dircclly. Now tape a piccj- (if 
smooth wax paper ovtM* tlu* slit of vuur sluichox spectroscope to act 
a^ a filler. After tliis filter is in place, you can point your spcclro- 
scope at the smfs iinaf^e rellected hy the «^lass. Yon now can oh- 
serve the suifs spectrnin. 

^oii will see many dark horizontal lines crossing; the speclrinn. 
These are cansed hy liny idcks on the e(l«^es of the razor blades. 
Try to i»;nore these lines. Look in the area where hhje and ^reiMi 
nicr«Ae. Do yon see thin, vertical dark lirn-? Look for odier vertical 
dark lines. There is one in Hie yelh»\v-(nan«^c part of the solar 
sp(M-tnnn. Von shnnid see several oUicrs. 




The spectrnin of die snn is <»onliini()ns, hnt it also has nnnierons nar- 
row dark lines snperimposed on the conlinnoiis background. As far back 
as 1802, William V^)liaslon saw a few dark lines in the solar spectrum. 
Not many years later and with heller inslrnmenls, Joseph von Frauiiliofer 
IFROVVN-hoe-rer) observed several hnndred dark lines. Me did nol know 
what ihey meant, bnl he did imp their positions in the solar speclrnm. 
Becans<» of bis pioneering slndies, the more prominent fealnres in the 
sun's spectrum are called Fraunhofer lines. 




Whal do llirsc lines lUtNin? ho llirir posilioiis in llic snlar s|M'clrnni 
nlTrr any t int's as l(» lh(>ir ori*;iny Think nl' llu* dark line in du* ycdinw- 
oran^t* pari nl ihr sp(*(*lnnn. dan \vo d(*lri'nnn(* its ori<;iM? 



DARK LINES FROM A GAS 

Sri n|) a shnt'hox s|)Oflrnsf(»|)t' In (»\aniinn sail — sodinni cldnridc 
— in llu' llaint' nl a };as hin nnr. h'nr lliis acli\ ily, arran«!;c a 2()()-vvall 
l)idl) ahnni Iwn Inrt Ixdnnd iIk* finna*. Make a slil in a fardhoard 
shield and place the shield in IVnnl die hnlh. This aelivily will 
not work luiless llu* hidh, llaine, and spcrtrnsenpe are in a slrai<!;ht 
line. Conslniel a wire* holder like those nsed in previous ac^livilies, 
l)iit make ihree wire loops so thai more sail can he held and 
\ apori/ed. 




DarktMi die room. Have a ehissniaU* (Hp the wires Inio wal(*:' and 
iheii inIo die sail. Have him hold ihe wires in llie llame while yon 
peer lhron;^h iIk* sp(»elroscope. The yellow (Miiission line of hoi 
sodium alnins will ho s(mmi. Now Inrn on ihe li^^hl and lu»al nion* 
sail in llu- flame. Whal do yon see where ihe emission line of 
. sodinm ero>.s(»s tlu* conlimujiis sp(»(:lrum of ihe hnlh? 

By looking carefully, you can set* a thin dark liiu* (n'ossinj; the con- 
tinuous speelrum from the hull). This dark line is exactly wliere the 
sodium emission line af)pcare(l. WTkmi the sodium is *^om», thethuk line 



88 



S9 



is ^oiir. Snmclmw llic ^jisr(uis siMljiiiu IVoin sail ntiis( luivr inodiiccd 
Hh' (lark linr. Can niir niodrl ol' (Ik* atoin rxplaiii whal you havi* 
jiisl siM'h? 

WIkmi sddiuni rliloridi' is jdncrd in a ilanir, il va|Mirixch hwlividnal 
ainins i\( sodimn ndcasrd IVoin (Ik* sail and (ly ahnni al IiIjaIi speeds, 
Smnr ol dicsc alonis rollide widi (iduM* alonis. The (dcclrons nl' dn's(» 
alums ahsuil» t'n<Mij;y of ninlion dniiiijj; llir collisions and jnnip to a 
lii^lior (ul)il. As \\u' clrdrons rchnn to tln'ir innermost orhits, they 
iclcasr thoir excess encrj^y, and photons of eertain waveh'n*j;ths an* 
emilled. Thai is tin- oriij;in n{' die y< Hou sodloni line. 




Keniemher dial only eerUiin orhils are possiMe in a rarefied *;as. The 
sodiinii atom (Miiils a vellow li^^hl oC wavel(Mi<^lh F>89'A A when the onler- 
mosl eh^elroii jiniips irorn its smalh^sl (»\eiU»d orhil down lo die inner- 
mosl orhil dial it can <)( cnfjy. The anioinil of ener<^y eoiilained in a 
pholon of wavel(Mi«^di 589.*^ A is an exael (|uanlily. It is dilTerenl from 
ihe amounl o( eiuM^^y eonlained in a f)hol()n o( any odier wavelen<^di. 

Al any lime* in die sodium '^as, llierc* arc* exciled aloms and nnexeiled 
alonis. Tli(» liglil (roin llie liglil hull) shines llirou<^li lliis eloiid ol sodiinii 
aloms l>e(or(» il reaches llie sp(M'troseop(\ Billions of plioloris of all 
diderenl wav(d(»n<^llis slrearn inlo die cloud of sodium va})or. 
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I.rl us U\\\{\\\ i\ ^^\VK\ :\ plidton on il^ wjiy Iroiu llit' li^^lu-hiilh lihuiiciU h» 
llir s|)(M'ln)htM)|)t', Tlir jiholoii prni-rrjls jiloMf* liicrly inUil it riilns (he 
rloiul ol Miulitiin |vim, If nor r>lt^)!i A plioion nicoimlcrh un imrxcilcd 
sodium uhMu, soiiu'lliiuf; happens. Tlir hudiuiii nioin ciiu use Ihc (MKM'^v 
ol' llir r>H'^'i A phnluu lo ninvo ils »»|r('irou Irum uiiiil one lu orhil Iwn, 
Tlic r>ti*);i A pliulon luis jusi lln- lif^lil iunninil ul i'Mrrii^y lu du su, Sn ihr 
suiliuni aluiu dhsnrhs (lie r>tl^).'l A phulun, aud Mir rhMiruu muvos (u 
uriul iiunihri' Iwn. Tin- rnni's o| dir pliuluii has hi'rn usrd to move 
clrrlrun. An atuni ran l>crnnn' rxrihul hy ahsorhini^^ a phun)n nl* jnsl 
dir rii^hl (MUM'^N . Thi' A phoUin no lon^rr cxisls, It has disappeared. 
It nevei' eoniph'les die joinney lo the speelroseope. 




spectrum 



I.> the .uas, lh(M'e are enou*!:h sodium atoms (o ahsorh ahnosl all llu* 
r)H^yA A pholous dial try to pass lhrou*!;h. Very lew of diese pholoiis <z;el 
lhr()u«!:h th(* elond widiout mt^'tin*^ a sodium atom. The sodium atoms 
are unalTeet<»d hy S89() A pholons, oi' .5891 A pholons, or t?veii 5892 A 
pholous, or praelieally any (jIIhm* wav(d(Mi^di in the visual re*!;ion. These 
odier pholons pass ri^ht lhrou*!;h llie *!;as and hmcIi ihe speetros(^opt?, 
pr(»(luein«i: die eonlinuous spectrum thai you see. There is a dark spaee 
where llu* 5893 A pholons Ixdoii*::, h(»eause these pholons were ahsorlxMl 
hy ihe sochuni *!:as. ^'ou see a (hirk line in lh(» speelrnrr), an ahsori) 
lion iui(\ 
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W hill happrih lo ihr suiliiiin iiloin lliiit Im^-^ l» mmIimI |i\ thr plididii 

iili^iM|i(iiMir ^011 \\u\s iviiirnihri ihiK nil cscilcdnliMii ifiitiHMliHlcU \\v- 
^'^'"'^'^ iiiirscilcci |)\ rii)iiiiii|. n |)|ii)ini) (il li^tlii i\ hraiid im^w fiMU;! ,\ 
plunmi. Thi' (H i^'iiKil :>liu:i A photiiii \\<is Immi<I(mI ilnrclly lur llir h|HM.(ro- 
^'''M>'' ^lil iM'Inn- il wiiN iilisnrlird hv n hiMliiiiii hKimi, The liraiHl iM^w 
'^'^^^•'^ ^ plnMoM ( nil hr tr-f-niiiird in anv diivrlinn. \ n\ raivl\ wiM il lir 
''iiiitlril ill ihr -^anic diircliou iIh- iH'i^iiial plioloii Inivcliiif', Sd 
uiiIn \ri\ lew Ml lln'^r iirw pliDtuli^ rillcr llid ^|»(tIius( ()|h» slil. 

I l<'rv IN iuintlirr •^ciiriiili/iilinii almoin .s|)r(.|ra, also diMMivnvd l>y UuIicH 
KiivhliMll. N nm ^rr ii darkdino spoclrnm when lliciv is n ^ras hchwni 

\oiir s|M ( irn^( n|M' .uid tlir snmrr o| a I'miiimioiis s|KM'lrimi jimvithMl 

Ihr is not as hoi as ihr l)ark^nHmd hf^hl sdiinv, Tlu' thirkdinr 
piiltcrii i» {\u' ^ann- a.^ thr our thr (drnnMil ran niiil. 



BACK TO THE SUN 

^^)|| ha\c ()|)MM\t'd that thr sprctnim (if thr sim has mails dark lines, 
^lan NDU MMNN think what rausrs tla-in? Thr suiTs ront iiainus spr, i mm 
nrii^iiiatr^ at dr|>th> whrrr thr solar i^as is ralhrr ronipivssrd, so thr 
>prrtnnn Irom thr^r hot /ours is continuous. Ili^hrr, in thr oulrrmost 
la\rrs ol thr >nlar .uas. thr ()rrssurr is Io\v<m- and thr atoms aiv not so 
rrowdrd. Mnr thr ^a.^ \> tliiini(M- and rooirr, jtisl as it is at ^rrat h<Mf;hts 
ill oiii oun atmn>phrrr. Thrsr layrrs of M»lar atniosphrrr arr thr last 
hinrirr thr rontiniious radiation nnist |)ass through in making its 
<'>rapr imo >parr. Thr atom> in thr >()lar atmosjihrrr ahstnh thrir 
rharartrri^ir wavrlrn<^ths as thr rachaliori liom hrlnw })assrs ihrou^^h. 
riir ivsult i.> thr daikdinr sprrtnmi oT sunli«,du. 



iron oxygen 

calcium hydrogen hydrogen magnesiunn sodium hydrogen oxygen 

i _\ i / I 




violet 



blue 



green 



yellow-orange 



red 



'Ihr diagram ahow >ho\vs ..omr of thr darkrst Kraunhoh>r linrs in 1|h' 
sprrtrum ol ihr sun, Thrsr al^orption linrs idrntiU lin> prrsriicr of i 
rh-rnrnl Just as surrl\ as nuission llm's do. 
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Usin^ ihc siuur luclhod as hdorc, ohsi^rvc ihc solar spcclnini 
ii^aiM, He sure ihc wax paper filler is in place, (larerully exaaiine 
ihe ahsorplion lines in ihe speelnnn el iUc sun, Whieh elennnils 
can yon idenlily in ihe alniospluM-e ol* ihe sun? • 

Hy earel-Hy slutlyinji; ihe many ihoiisands of ahsorplion liiu^s, aslrono- 
niers ean idenlily ihe kinds of alonis |)resenl in the sun, Whal do ihey 
fnid? Fii'sU every eleinenl found in ihe sini is also known her(* on ihe 
earlh. Seeond, in(»re lhan 00 ol ihe kntiwn elenienls have heen 

idenlified in ihe speelruni ol the sun. I*rol)ahly ihe snn eonlains every 
kind ot" eleinenU hul some, like radium ' Mrnniuni, nuisl \)c un- 
eonuiion sinee sve do nol deleel any ol du nr' lu^s. 



other 

hydrogen helium elements 
10 n 1 I 1 i 1 




Ahoul nine alonis oul of len in ihe smi are hydrof^c^ii. Most ol iUc rest 
are helium. One aloni onl of every thousand is sornelhinf^ other dian 
hydrogen or helium, Leudin*^ the i)aek among these heavier aloms is 
oxygen, followed hy earhon, iiilrogen, and neon. 




OUTWARD TO INI STARS 

Alnuisl I'ViM \ wUrw in I lie nkw I lie r^inih ^\\{)\\ iIk* haiun kiml ol ^ipcrlriim 
iil)n)ipii(Mi lino-, ^ilii'iiifi jirnih.^ ii liri^Oil <MiiiiiimnUh hprolnim. So 
iilmo^il iill hiiiis on ii ronitnon piiihTu u riiinprcr^^cJ jtiin 

tMuilliiif' n roiilimioiih hptM'iniin niid n f^nNcmiM iinuohplinv (Inil n|i 'nr|)r. 
fcrliiiM wn\t»l«Mif^ll»'^ iis rjidiitlinn pii^.^M'^ ihron^li, Tli(M»l(»iiiriiis we 
IiimI ill niir hiar niv nUo pivsnil in aitnlhrr, 1 1\ driif^'ii is jilwass (Iip 
iiinMl iil)Uii(hiiiL w nil lirliiiiii lollosvit)|^ 

Sui^ir slius arr lioi; 's^xnr arr ivlalisrls (mm)I. Sumk* slars iwv \vv\ laif-rhi; 
ntlins art' Jiiu. Some arr lar«v; uilirrs air Niuall, l-'nun ihc <larls linrs in 
llirir ah-iurplioii ^piuiia, \vr know llial llicy arr all laiill ol llir samr 
kinds ol' aloMiM and llial llirs all po^^scss rarrliiMl alinrsphnvs abovr a 
drnsrr ^as. 



ON REFLECTION 

\im liavr ualrhnl dnsl lloalin^ in tlir li<;hl brain of a prnjrrlor. jjow 
(lid y(Mi "see" dir iinslV |.i«^lu IVoin dir brain Nvas rdlcrtrd in all 
(lirrr(i(»ns hy tlir irrri^nlar-shaprd diisl pardrirs, Somr of dir rdlrrlril 
li«^hl rntrrrd vonr (*yrs. 

^ on liaNc looked at dir sprcimm of dir ,siin by ainiiii«; yoni" sprrlro- 
sropp at a rcllcrtrd splotrli of snnli«;lil. Tlir absorption linrs wrl'r 
faitliiiillN rrprodurrd. 




spectrum of star 




V , > ' dpectrum of nebula 

\ on ran sc* the aioon "a a rlrar ni^dil brransr sniilit^lit strikrs its 
smiarr and in'ii-i ird U) yonr ry(vs. If yon t^xainincd sniili<;bt rollrotrd 
from tlir moon, yon wonld scr thr sainr linrs voii saw Ix^forc. Tin* 
sprctnirn of tbr moon is a rarbon ropy of thr sniTs spj^ctrnin. So, too. 
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.|M>r(riiiii nl ihr iiiiirriMii^l phiiirU iMrKMiiv. I i un (iioon iiimI 
MciriMN ^rl i\ '^iKM'IruiM ill' llir hiiii. The illiiiniiinhMl rlialk dik^l 
NMillhl ^isc llic ^pcclniui ol llir iM'ojiMMnr luilli. 

Suinc iii^Oil, Inok \\\y thr nriutlr'^ ( PLKA-iili-drr/l in (lie iiiiliiiun (M win- 
h'T .-,k\ . Tliih litilr rlii^icr ol slur.-, i-, soiiicliiiU's cnllnl llir Scvimi Sish^rs, 
iillh()i(|;h iiio^l |)<M)|)|r ran iinnm^*' l»» stM* (inly si\ sljirs in il, A Irlrscopic 
1)1 the I'lrijulrs shuw^ thai llicsc slais arc surrouiMlcd l»\ a 
laiiilK luini nulls rioinl — a nchula. U iliis nclaila a cloud t\\' ^as hkc dm 
Orion Nrluda? hoes ils spec 'I ram show caiission lines? I h^w do aslroni^ 
nit'rs linil onl? 

I'luMo^raphs ol thf spcrlnini ol slars in the IMoiadcs show usual 
( iintiinains s|MTlruni widi dark lines, IMioloninipli^ of da* s|M'( trnnn»l 
litdc pah'h ol nclaihi near one nl dit* stars sh(»w a raihon copy oi \\\r 
ahsoiplion spcctjina of llir stiU', Then' iwv no I'nnssion hues as in dio 
()rit>n Nchnia, The sprctrum lines are dark, not hri^hl. The speeir ...i 
shttNvs diat die nehula eannol he i\ radiating ^as. 




The sjM'clr'Mn shtMvs dial in ihe space surroiindinj^ llu'se slars ihere are 
stiiall j^iains ol" solid inallc!', AslitMioiiwrs call these pari ieles ////ers/e/A • 
(lust. .Ni>l nuieh is kiioN\n alMUil the size oi" coinposil Ion oi ihese dust 
jKirlicles. Houcver. lhe\ do relh'cl h»:hl IVoni ihe slai' lhe\ ai'c near. So 
the speetrinn of this nehula is ihe same as the slarli«:hl. 



PLANET EARTH 

Siu'rcaindint; die eailh is an oi ean of air. Om* alinospliere is a ^as e(Mi- 
sislin^u rnosllv ol nilro«:cn and o\y,L'cn, Il also conlains svalcr sapor and 
a nundu-r dl othei* teases. Whencscr sve oh.scrvc li«:lil from ihe moon, av 
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iVom ji iirluila, i>r riuiii m slur, |lu* li^^hi nlu^.^ piiMs iliioii^h (his wUwuh^ 
phrric nccaii In r<Mi('li our pvch. 

Wluil NViMiM ynii csiMMl In lo lif^lil (hiriiif^ iin journey llnou^li 

airV Voii know lluil ilir nnvlitMl nlniosphnvs nlarn almnrh onl- 
lH»nnil |)ho|o)is and <wiiisf dark lines, Whal ol' \\\r rlnwnWn in \\\r 
iNHilTs ahnosphcro^ 

Look hack al the diafjiiani of ih- solar s|a»('(nnn on \n\^v In lla' 
n'd portion yon scr hvo la'av v h. i»m idrnlilicd as i)\y«r(Mu These lines 
are raiisrd hy oxygen niuleenles in (»ar ahnosphere, Onr air is eool 
(•noti^^h so that (^xvT^en atoms stick together in pairs, hirinin-; nioleenles. 

The speetrnni of o\yt;rn nudreulrs is entirely dilTerent IVoni that of 
oxy«^en aloms. \Ve know that the oxy«^en naileeules we iihserve ntnst 
he in iUv earllTs atna»sphere. They <'onld not he in the sine. i( is Tar 
loo hot \\m sneh |)airs (a link to»;elher there. 




Waler inolecades, earhou dioxide molecules, and odier moh'cuhs 
also lorm lines in iIk^ spc^clrum, mosdy in die imVared oi* in die ulh\ 
violet. Because^ the atmosphere ahsorhs rachalion of many wavelen^dis, 
only a small pari of the inlVartMl and nllraviolel radiation hoin die 
slars ean *;el ihrout^li the earlh\s ahiiospliere. The radiadon is ahsorhed 
helt re it ean riuu'li iUv •^roinid, H yonr eyes wen* sensiUve only lo die 
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ullraviolel and inlVured purls of ihe elet'lr()ma*!;nelic speclrum, you 
woukln'l see much if you looked al die sky. To read die ullraviolel 
and much of llie infrared, you would have lo hoard a spateeraFl and 
»5el above niosl of llie almosphere of our planel. The wavelenj^lhs niosl 
successful al j^elling llirouj;h lo us on die j^round are lliose in die visihie 
and radi(» re»;ions of llie elerlroniaj^nelic speclruni. 




DENIZENS OF THE SOLAR SYSTEM 

You have learned somelliin*; ahoul die sun from lis speclruni of dark 
lines. You also know lliat die earlli's almosphere puis ils own imprinl 
on die speclra of sun and slars. These ahsorplion lines lell us somelhin*; 
alH)ul die composilion of our almosphere. Since die moon and Mercurv 
duplicale die speclrum of die sun, we can conclude dial lliese hodies do 
nol have almosplieres. If lliey did, we would ohserve exlra ahsorplion 
lines in llieir speclra. 

How aboul die oilier planets? When we look al die spectrum of Mars, 
for example, we find somelhinj^ new. Sunlight goes lo Mars, reflects 
from the Martian surface, and (ponies to our spectroscope through the 
earth's almosphere. We see absorption lines from the atmospheres of 
the sun and the earth, and some additional lines formed in the Martian 
atmosphere. These lines reveal that Mars has a ver\' thin atmosphere 
containing carimn dioxide molecules and water molecules. 

Jupiter, the giant planet, lia.s been found to contain large amounts of 
ammonia gas and methane marsh gas. All the planets except Mercury 
and Pluto have atmosphere of one kind or another. 
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The (lislinclive pallern of absorplion and emission by each eleinenl 
has proved lo he a powerful lool in analyzing starlight. A star appears 
as no more than a point of light through even the most powerful earthly 
telescope. Yet its spectrum reveals the elements of which it is composed 
and the plan of the star s construction: a compressed gas surrounded by 
a low-pressure atmosphere. Atmospheres of objects that men have 
never visited can be analyzed. It is safe to say that without a knowledge 
of spectra and the way they originate, astronomy as a science would 
have progressed little since the days of Kepler and Newton. 
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CHAPTER 10 

To and Fro 



THE PUZZLE OF MIZAR 

At the bend of ihe Big Dipper's handle lies ihe star Mizar, On a clear 
night a fainter star can be seen next to Mizar, This star, Alcor (al- 
CORE), is actually a great distance from Mizar, but from the earth it 
appears only one-fifth of a degree away. 




In 1650, the Italian astronomer Giovanni Riccioli (jo-VAH-nee rich-ee- 
OH-lee) discovered that Mizar had an even closer companion. Faint 
Mizar B slowly revolves around the much brighter Mizar A, taking 
several thousand years to complete an orbit. 
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lhan Iwo (vnliirirs lalcr, in 1889, IL C. PlckeMin}^ al llu* Harvard 
Ohscrvalory slutlitMl llu» speclrmn of Mizar A, ihc hrigluer slar of (liis 
riosc pair. Pickering louiul a ciirioiis ihing, Al oik^ lime llie speclrum 
ol Mizar A locked like llml of an onliiuiiT while slar, wilh a lemperaliire 
ol alioul 10,000° K. A few days laler, however, ihespeelnini showed lhal 
all ihe (hirk lines were douhh* and shifled Uvm iheir normal posilion. 
Fnrlher sludies showed llml ihe speelral lines of Mizar A did nol shifl 
on jnsl OIK* oceasion, hnl did so rejiiularly. 

DOPPLER CHANGES 

Whal ran eanse absorplion lines lo shifl lo differenl wavelenj^lhs? 
Can the almosphere of a slar ehange ils ahmi.s so lhal ihey hlock oul 
differenl wavelenglhs al differenl limes? In iheir search for answers 
lo ihe pnzzle of shifling lines, aslnmomers found a elue in ihe work of 
Chrislian Doppler (DOPder). 

Duppler's main inleresl had heen wilh sound waves. In 1842, he pro- 
posed a solulion lo a noisy puzzle. You have heard a loeomolive 
whislling as il passes you al ihe slalion. F^erhaps from ihe roadside 
you have heard a car sounding ils horn as il sped by. The pilch of ihe 
sound — ils wavelenglh — changes as ihe car passes you and goes on. 
Doppler vvas ahle to explain ihese faels. His exphmalion for sound 
waves can he observed hy sludying waler waves on a ripple Iray. 

1^3p StM up your ripple Iray again. Use one-fourlh of an inch of waler 
and wads of collon around ihe sides to absorb reflections. Make 
waves wilh the eraser end of a pencil, and focus the overhead 
projector until the waves are easily seen. 
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Maki' rapid piiiiU-suarcc waves while yuu movr ihc pencil steadily 
across (he Iray. Make several Irips haek and lorlh* Move die pencil 
acro.ss hay al lirsl one speed, d\en aoodier, (Jliserve die pnllern 
of vvavelen«^dis in IVoiil of ihe niovinf^ pencil. Walcli die pnllern of 
wav(»len^dis lhal Irail ihe pencii, What is die diriercnce? 




water waves 



violet 



(V |- I 
red shift 




sound 



IJ J .1 



red • 



n ) 1 

violet shift 



starlight 



no shift 
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Il wns I)(>|)|)l('r\s (liscdvrrv thai wavt's rracliing you Uviw a nujviiin 
H(MinT ri\n have \vav(»l(Mif;lhs diUVivnl Uoiw {\\v wavcH (MniiU^d hy a 
slalioiuiry sniircc. Von receive a IuhIht piIcIkmI sdiiiul rinin a Irain lhal 
is a|)|)n)a(^'lriiin yon, When iUo Iniiii is irccdiiifr IVom you, ihc wliisllc 
sounds l()W(M* pilclicd. WluMi \Uo houwo is approacliinf; you, \\w wave- 
l(Mjf;lhs arc shorlcr diaii iUv <aif;inal wavolcMf^di; when iho suuivc is 
l<uivin|^ yoiu die \viivol(Mi«!;dis air longer dian iUv orij^inal wav(d(Mif;llis. 

Yon luiv<* ol)s(M vod dint walcr waves also show die Dopplcr olTccl. And 
aslmnoniors applied DopplcrV cxplanalion lor sound waves to waves oi 
lif^lil. The waves of li^hl slrikin*^ your eyes IVoni an approaehiuf^ slar 
are sjjtrhdy shorrer dian noriiuil; IVoia a reeediii«^ slar, diey are slif^hdy 
lonj^er. 



MEASURING CELESTIAL VELOCITIES 

Doppler wenl one slep lurlher. lie fij;nre(J dial ihe ji;realer ihe spe(»d 
of an approaehin^r soure(\ ihe j;realer would he ihe slufl ofils ahsorpliou 
lines loward ihe violel. The grealer ihe speed of a receding source, ihe 
greater ils red shill. The rale al whioh a lighl source approaches or 
recedes is called ihe radial velocity. 



star's spectrum 




How does an astronomer put the Doppler effect to work? He i)holo- 
graphs the spectrum of a slar, a nehula, a galaxy, or any other ohjecl. 
Suppose that he gels particularly strong dark lines, which we'll call 
.V, 7, and z. He then (jompares the dark lines on his spectrum photograph 
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lo (Muissioii liurs produiMMl hy a nidinliii^ hihonilorv s \\u\\ is 

ri^hl ill |clrs('()|»c (Iomk* uilh liiiii. Mr knows lliiil lliis n^tuixtristin 
stmnr isiTi m(»N ini-, hiil injiylx* lh<* shir \\v Jiisl pliolofAniplicd is moving. 
ll(nv(l(K's Ik* limluiiiy I Ir ciiivruHy iiunisiiivs (IkmiiiiomiiI |jy which llic 
sh'lhir liiK's .V, ,v, mid z arc shil'lcd in Anf;slr(Mns/rh(»ii \\v ri\\\ do n hil 
of iiridiiiiclic mid work oiil Hie nilr nl which die siar is npproachin^ or 
rcccihiif;— lis niihiil vchn ily. Merc is die Dopjdcr lorimihi; 



i: I I wnvch'hiJilli shil'l 



I I . , Ti ^ speed of lif;ht 

uihoi'iilorv wnv( leM«;di 



ir die hihoraloiy wav(deii«;Ui ol a spcclniio IIik* is SOOO.O A, and il its 
rcconh'd wav(dcn«rdi is A, dicn the incasnred shil'l is LO A 

toward lh(» vioh'l. Now yon can li«;urc i\\v radial vidocily. 

radial veloeih = - "^'i.'^^^ x speed ol li>;h( 
wavclenulh 



1.0 A 



X UUkOOO mi/see 



A 

= M.2 mi/see 

The Iji^ht sonrec is approaehiii*^ die earth a( ahont .'^7 mi/see. 

Aslronomers know die radial veloeilies ol more than l(M)()() stars from 
such mciisinemenls. V(»«;n is approachint; die sohir syslem at U nii/s(»e, 
and Sirius at S mi/sec. I^etel«;eus(» is n^eedin*; et 1:^ mi/see. 

The Doppler shift doesn^i t(dl us anything ahonl a star's motion ju ross 
the sky sich'ways with respect to the ohseivei. All tliat is revealed is 
h(»Nv last the star is ^ettin*; iiearer to us or railher awav. 



closest- no Doppler shift 
3 




a million 
years ago 



a million 
years from 
now 



observer 
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Ill Ihc prcccdiiif^ (liiif^miii, n slur (ivt-i'liikcs mid pussrs mi oliscivcr. 
Al iKisiiioii / its iiKiliim is iimsi iicui'ly in llic (lin<(>|i()ii ol' llic oliscrvcr. 
Il<' (Iclccis II lai'f^c mdiiil vclociiy iif ii|i|ndii('li IV Hi,. Doppl.-r- 

sIlOlK-Mcd \Vl|Vcl(.|l}?lllH, Til,. I),.|.|.l,.|-Sl|iri,.,l Wl|V,'l,-||}^lllS !>,■ II,. 

Umi-i'v ||)<isiii,iii 2) as a slar ,.alcli,.s up with ili,. ,)|)s,.rv(>r. At jxtsiiion 
.'i-ils iii,)in,.n| ,)f passiiif; lli,. ,.l)s(.rv,.r- all of lli,. molioii is si,l,.ways. 
Her,, ih,- star is not iiKivin}^ toward th,. ,)hs,.iv,.r at all, an, I lli,.r,. is n,i 
I)(.|)|)l,'r shift. Al |),)siti,ms •/ and 5, alu-r llw star passt-s and drilts ,ifr 
into 111," distaiiCN th,- ni()ti,)n a|)p,.ars t,) h,. ,lir,.ct,.d nior,. ami m,)r(. away 
lion. th.. ,.l..s,.rvfr. Th,- D,.p|.h.r.sl,irt,',l wav,.|,M.f;ths l,.nf;tli,.ii nnlil, iii 
time, practically ail ,)!' the star's vt.|,),.ity app,'ars t,) the ,)l)s,M-ver as 
nnlial v,'l()(Mty, 

The D,)|)|)ler eir,.,.t has h,',.,)me v,.ry inip,)rtant in att,.inpls to decipluT 
the message ,)r starlij^ht. ix-t's tnni to just a lew ,)!' th,- many ceh'stial 
puzzles it has lielp,'d astr,)n,)m,'rs solv,.. 



PAIRS IN A PINPOINT 

Back t,) the puzzle ,)f Mizar A. When the al)s,)rption lin,.s split, ,me 
p<)rti,)n of each lin,' shifts toward the violet end ,)f th(. spc-trnni, indi- 
calinj; slightly sh,)rter wavelengths. Th,' sec,)nd p,)rtioii ,)f each line 
shifts toward the red, showing slightly, longer wav,-l,'ngths. is Mizar A 
hoth ,.,)niing and going? 



To help y,)n visualize what is g,)iiig on at Mizar A, fasten a hall of 
modeling clay at each end of a pencil. Ti,- a piece of string to the 
cetiter of tlie peiK;il and suspend the halanced clay spheres. 

Tap one piece of clay so that the spheres rotate around each other 
slowly. Watch them carefully. When, in their orhits, is one hall 
approaching while the other recedes? When are the spheres travel- 
ing sideways so that they are neither coming nor {^oing as far as 
you are concerned? 
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'\\) (III nliHrrvpr, pvru wilh inuHl |Hnv<'rrul h'lrHrti|M\ Mi/iir A appcuirt 
UH i\ H\\\\s}{' \M)\\\\ nl' lif^hlr llul Mi/nr A iniiHl iKMiuilly \\v Iwn hUii'h, niiiit- 
inf; oarh ollirr in iihoiil UO ^Iiivh. Wilh llir H|i(M'lroHrn|Hs llip dilTrnMil 
vrlorilirh U) Hrpanilr (ho s|MM*lni of \\\v (Miiiliiif); ruinpaMioMs, 





Aslroiioriicrs have (Mscon crcd olhcr star-pairs hcsidcs Mi/ar A — stars 
so ( lose t()*^('th('r that thcv appear as a siii«^h' point of M^lil cvon with 
iho most powcrhil Ichscopos. Hy studying tho separation of the (hirk 
lines From time to time, ihey can learn the dilTerenee in tlie ra(hal 
veloeity of the hvo stars. This ktio\vled<^e *;ives iheni some idea of the 
orhits of the two stars around each other — all without hein^ ahle to see 
more than just one pinpoint of li^ht. 



STELLAR SPIN 

Some stars have dark spectral lin(»s that are .surprisingly thick, Kaeh 
is wide enou^di to cover several An«^strom.s, iMost stars have much 
ihimier lines. Why is there this dirfcMViiee? 

From the motion of its simspots day hy day, we can V'M that the sim 
takes 25 days to rotate once around its axis. Kven unlace ^a.ses 

at the e(piator ar(» moving at 1 mi/sce heeau.se of rotation. One side of 
th(? suiTs disk is moving toward u.s, aiul one side is movin«^ away. The 
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h|Mrlnim linrs Uv\\\ sidr npiiinnrhii)^ hh imp sH^OiIIn DupphT- 

rtli|^h|l> hhilhMl Insviiiil \\\v \v\l '[Uvsv (lilfncMcim ciiti |m« (h'hM-UMl Ijn 
IHiinlin}^ Ihi* nlii dI'u hpcclinMMipt' al (liilrrnil purls nl'ihr stiirrt ili>sk, 



spoctroscopo slit A 




apoctroscopo allt 0 



from slit A 



the sun rotates once in 25 days 

^ W I II II n 



shift toward violet 



from slit 



shift toward red 



I low i\\nn\\ n\hrv stars? \V(' can sec thciii (inly as pninis of li^r|,|, There 
can he no ln>p(» (»!' sanipliii^r th(» |i^r|,t fn,,,, r,,.si (uie side and tlwMi (he 
odier, as we can do widi the suik Sliirli^'hl enlerin^' die spectroscope is 
a niixiniv of li«rhl connn«r IVom the entire stedar surface facin'r earth. 



toward 




slow star 
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linn linr>i In Innk likn? Tl)i< \m\ nl ihn inliilinfi ^lin Minunn Inuiinl 
\m^\ wniilil ^v\\\\ lifilu \\\\\\ ihn nin^l \ inlni-hhilhMl liiK*^ in ihn 

MiiMntv, l.i^hl Irnni ihn mnnilinfi ^^idn \snnhl rnulrihnln iniK^hillntl linn^> 
In Ihn nnslnin, l.if^lil iVnni <liHnrnnl n( iIip unnhl ^\\\)\\ \\\v 
^intlinni linn \\\\\\ hlifj,hil\ ilillninnl sun nlnn,iUh>>, In Ihn Mumiinhrniin ihn 
>>n(linn) nliMn) jUinn linn unnlil hn ii inishnn nl thn>>n DnpitiM' ^>hil(ni| 
linni — InnnilninMl iiinl ^|M<m(| mil Thn tn^ilni ihn -^piin ihn innrn ^>|nniMl 
nnt iirn nil ihn hpnnliinn lin<'>>, 

Kinin ihn sn(||h>^ nl iih^<ni|ninn linn^^, iintinnninni>> luisn ItMiinl hn(i>> ihni 
rnlnin In^^lni llinn MOO inline. |»nr ^^nnninl nl llinir ni|nnhn>«t Sih'h Mliu*^ 
nrn nn ihn \ni>'n nl' (l\iin^ npnil, lln\\n\nr. iiinil ^diiih ^\{)\\ n|Hnnni>« 
likn ihn snin 

Think linns ^isr iis thn nhin In inpid i(»tnlinnr II ssn svnrn nnl nhin In 
shul\ ihn s|MM'li'nin nl slmli^hl. un wniihl nnsnr knosv ihiil ihnrn ssmn 
rn|Htl s|>innn).s ninoim ihn snn^r 



SWELLING AND SHRINKING 

Many slnis ('han«;n in hri^hlnnss in n rh\lhinin \*as, Now lhn\ urn 
liri^htnr, hUnr ihnv an' (nininnr, aixl ihnii onnn a^ain ihns am at thnic 
liri^htnst. Ainnii^' thn most nnh'hraind oi thnsn \ai'iahln stars am ihn 
dvplirids (SKIvinn-nd/). 

This •jiroup (»i stars is nainnd alter thn lirsl nun (hscn\ nmd — star Dnha 
in thn noMstnMalinn ni (Inphnis (SKtvlcn-iis). Thn li^ht variatinn (»!' siich 
stars prninptnd astrnitoinnrs tn hink at thnir spnntra In sr(> 11 ihnv noiihl 
iind any chins in thn iialum nl thn nhan*iirs in li^ht, 




Urn IniiMil lIuH ll.r 11,(1 liiir. .liiH luirk .(imI ImiiIi, 

ml mA iliPii Itiuidtl llir iiH.I I'lir liiiiP III! iIh> Imt: Im 

miv- t.nr lull iri|t liuiii in Iimihc^^i \u(\r.|t>it(i|li .lull ,m\ Imt k 

'H'.'ti'l iHl lti'tl nlll 1(1 hv idcKlD^id \Wlll lll(< |((M in(l til linhl \ i(( ii(l i((((. 

IllUlfiiKC il ll.)|l(MM( sImhU ImMIIH IKll.dtHi ,( lu.H .M luu ItHuii' Nom .'U..-,. 
Mnt'r, ||(.< !((.(([ ^,i,|,. „| ||„, ludlnuK |(i(U' i(l(\ (.(dliil \<.|.M (|> ,(. |,i( .(>, \,,(( 
MV I'dKri'dlt'dy I--, il i(|i|[nti(rl(illM n( i(H rdi((}i- 
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All IIh» evidtMicc indicaU^s a periodic s^v(»lliIl*^ and sliriiikiiiji of llu* 
C(»|)Ihm(1 variable slai's. Accoiiipan) injj; these cluui^ic^r^ in si/e are 
ella!lJ^es in llie anioiinl of lijj;lil llie slars ^Inc olT. A ean^fiil sUidy of llu» 
I)()|)|)ler sliills shows llu* dilTerenci* Ih^wcmmi tlu* radius of ihe slar whcMi 
i( is hrijihU^sl and iUr rachus when it is snudlest. 11ies(» sUus are usually 
about a teulh hi'i^^fM' in radius at huixiinuiu si/(* dian at niininunn. 



DENIZENS OF THE ULTRA-DEEP 

Hn u>in}!; duMr hu>i:(»st telescopes, astronomers an* able to photo<!;raph 
tlu* faint li^iht of ilistant jzalaxiivs. TUr li^ht is so lechle that it tak(»s a 
time exposuic lastin»i s(»\(Mal nights lo a spectrum. What is lound 
when tlu^y stud\ th(»s(» spectra? 




Tlu* lew lu/./v absorption lint^s diat appear aie far out of plae<\ They 
are sIuIUmI to the r(Ml. The shilts indicate* Miat lhes(* *iala\ies are r(*e(M|- 
in*i Irom us. |-'r()m tluMr measureuKMits of Dopph^r shifts, astronomers 
ha\e succeedtMl in lindinjz tlu^ radial \(docities of about a diousand 
^ahi\i(*s. 



A B C 0 



11 1 i 


I 


mm 















galaxy 



It T t 



A B C D 

The n(*arb\ Whirlpool (iaiaxy \\i Ursa Major is receding at alxTUt 260 
mi/s(*c. The unnr distant Sondu'ero (iaiaxy is rushing away at 710 
mi/sec. Farther alield in the constidlalion of (!o!!ia Berenices ( KO-muh 
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hear-uli-NlGH-secz), some <:alaxit's arc moviii"; away al al)()ia 4200 irii/ 
see. The Ui^^csi Doppler cffeel yd iru'asinvd lor <jalaxies shii'ls lines 
far across llie speelrinn. Wlial were iillraviolel |)h()U)ns on (le|KirUire 
are recorded here on earUi in llie red pari of ihe speehnni. The vehxd^ 
lies of some <j:ahi\ies have heeri found Uj he eh)se (o die speed of 
li^lil i(s(>ir. 




Whal is die nieariin^i of diese n"d shifts in die speelra of iiahixies? In 
e()rn[)arin^ diese speeds, astrononu"rs luive diseovered some exeilinji 
laels. KirsU ahnosi all die ^^alaxies are raein*i away from us. Second, die 
fardier away a ^^alaxy. die fasler it is spe(*di»i*j: outward. Most astrono- 
uiers inter[)ret these ohservations as ("vidence that the whole universe is 
exparidui«i — that all the tialaxi(\s are c()ntinuously moving hu tlier apart. 



DOPPLER ALL THE WAY 

Astronomers have learned much ahout the motions of celestial ohjects 
Irorn shifted sfHM lral lines. Uroad lines hint that sonic stars rotate" very 
ra|»idly. Some ahsorption lines that shift hack and forth reveal inlorma- 
tion ahout close star-pairs; others provide clues diat some stars swell 
and shrink. Doppler shifts show the radial velocities of stars. We would 
have no conception whatever of the ex|)andin<i urnverse o| i^alaxics if 
it wereirt for the to-aiuMro effeet first pro[)osed hv Doppler. 
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ON YOUR OWN 



Study llie tlrawin^ lielow. It shows the? eurth ciicliti^ the sun 
and It> ( EYK-t»li), t>n<' of" Jiipi ler's tnootiiA, orl»iti Jiipiler, By 
nifiihiuriiif^ the liine l>elvveeti Io'k eelipses — when it enters 
Jupiter's shadow — iisl ronoiners know that tlie satel I ite orbi ts 
J upiler i n 4-2 liours, :2tt minutes. As the eartli travels from y'l 
|(> howt*vc*r, eacli eclipse seems to oec:iir a ft^w seconds later. 

By the lime tlie earlli is at eclipses are lag;ging behind by 

\0 minnles, 'AH seconds. 




In lC>7r>, Ole KotMTier (OH- lee ROE -me r), a Danish astronomer^ 
said that this time la^ occ:iirrecl l>ecause light liad to travel a 
greater distarice tf> reach the earlh at £i than at Use these 

fuels lo measme the speed of light. Remember that the earth is 
ubi>nt S^ii million miles from the son. 

Suppose an astif>nf>mer pht>tf>graphs the spectra of several (if 
the stars in Cassiopeia. He measLires the shift of a line at 5000 
A, Here ar«^ I he tiny amounts thai the line niight .shift for each 
star. Compute ratlial velocities, using Dtippler's formiila. Copy 
the follfjwitig lable and fill in the blank spacres. 



Star in 
Cassiopeia 


Shift 


Direction 


Radial Velocity 
(~ = to\A/arci, -h = aivay^ 


Alpha 


.07 A 


red 


H- 2.6 mi/sec 


Beta 


.20 A 


violet 




Gamma 


,1 2 A 


red 




Delta 


,1 2 A 


violet 




EpsiJon 


.1 3 A 


red 
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CHAPTER 11 

The Universe of Light 



All we know about the stars is carried in the li^ht they send us across 
the depths of space. The information contained in that light is detailed 
and revealing. Only recently have astronomers learned how to decode 
the scrambled message of starlight- 
First, physicists observed how light behaves. Models of light were in- 
vented. Physicists and chemists used prisms and gratings to study the 
spectra of elements, just as you have in this book. Models of the atom 
were constructed. Astronomers then could do some decoding. They 
could begin to understand the nature of stars and of other objects 
emitting radiation into space. There is still more to learn — much more. 
The job of astronomers is an unending one. 

Nearly everywhere astronomers have looked, they have found matter in 
the gaseous state. The dark lines in the spectra of stars and the bright 
lines in certain nebulae both point to the gaseous nature of the stars 
and the stuff between the stars. The only solid matter that astronomers 
find in the universe is in the tiny planets and in the interstellar dust 
grains. 

From what we know so far about the universe, ail matter except about 
one part in a thousand is in the form of gas. 

What are the stars? The appearance of their spectra established in the 
last century that the stars are distant suns, just as the sun is a nearby 
star. Some stars are hot; some are cool. Some stars emit more photons 
than the sun; some emit less. Some stars are big; some are small. But 
they are all the same kind of object. Each one is a hot radiating sphere 
of gas. 

What are the stars made of? Atoms. And atoms are atoms the universe 
over. Their spectra tell us so. What kinds of atoms? If you said the 
universe is all hydrogen, you wouldn't be far from wrong. Ninety per 
cent of all the atoms in the universe are hydrogen; almost all the rest 
are helium atoms. 

Along with these two elements, the stars and interstellar matter contain 
just those other elements that we have heie on earth. There are no 
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brand-ticw kiruls of cle'incnls we dorTl know nhoiil lu^rc M homo — nol 
even \\\ rvtuoiv ^^iilaxics. Tlicir spt'chn U'll us so. 

TIjc riuilU'r of ihc univiMsc is llu* satiu' all over— \\\ ilaslurj<^ nu^leors, in 
ihc alniosplu^rcs of olhcr plaiuMs, in ihc slars, in ^lowin^^ nebulae, and 
in ihe lardiesl »^alaxy we ean deU»el. 

\Vlierev(M- a speclruin line app(»ars al a wavelen*!;lh oilier lhan ils usual 
one, we can, willi die help ol Doppler's su»^«:;i'sliotj, say soinednn*^ ahoul 
how die sourei* is inovinji. Double slars orbil rapidly around each odier. 
Individual slars spin around djeir axis — some of diein very last. Some 
slars shrink and swell rhylhinieally. 

Nol loo lon*^ a»^o ihe lines in ihe speelra ofolher »^alaxies were* found lo 
be shilled loward ihe red. 1'he fainler and more dislanl »^alaxies have 
ihe lar^^esl red shil'ls. From whal we ean observes ihe enlire universe* is 
<'xpandin»^ — ihe »^alaxies are llyin*^ away bom one anolher. 

Al ihe oulermosl boundari(»s of ihe iniiverse we know, ihere are ditn 
svslems raein*^ away al nearly ihe velocity of lij^hl. The dislanee lo such 
»^alaxies is soinevvheri* aR)nnd liv(» billion lit^hUyears. \V(» see ibose 
fainl assemblies of slars as ihey wen* live billion years a^o — ahoul ihe 
lime our own pianel was born. Whal ihose galaxies are doing lonighl, 
we. shall never know. Bui ihe message of lhal slarlighl is speeding on 
ils wiiy loward us. Perhaps, al some far dislant day, asln)nomers of 
anolher age will read il. 
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